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Surface-initiated atom transfer radical polymerization (ATRP) is a versatile tool for 
surface functionalization and allows the preparation of well-defined polymer brushes with 
dormant chain ends on various types of substrates. The aims of this work were to develop 
simple methods for immobilizing the Si-C bonded ATRP initiators and to prepare a series 
of well-defined and patterned functional polymer-silicon hybrids via surface-initiated 
ATRP. These well-defined polymer-silicon hybrids could be explored as biomaterials to 
control cell adhesion and to couple different biomacromolecules.  
 
Initially, a two-step method for immobilizing ATRP initiators on the hydrogen-terminated 
Si(100) surface (the Si(100)-H surface) via UV-induced hydrosilylation of 4-vinylaniline 
(VAn) with the Si(100)-H surface and the reaction of the amine group of the Si-C bonded 
VAn with 2-bromoisobutyrate bromide was developed. Poly(poly(ethylene glycol) 
monomethacrylate)-Si(100), or P(PEGMA)-Si(100), and poly(N-isopropylacrylamide)-
Si(100), or P(NIPAAm)-Si(100), hybrids were prepared via surface-initiated ATRP. The 
P(PEGMA)-Si(100) hybrids were very effective in preventing cell attachment and growth. 
The cell adhesion on the P(NIPAAm)-Si(100) hybrids was controllable by temperature. In 
addition, a simple one-step process for coupling a Si-C bonded ATRP initiator, 4-
vinylbenzyl chloride (VBC), via UV-induced hydrosilylation was developed. From the Si-
C bonded VBC surfaces (the Si-VBC surfaces), thermoresponsive comb-shaped 
copolymer-Si(100) hybrids were prepared via successive surface-initiated ATRPs of 
glycidyl methacrylate (GMA) and NIPAAm. The temperature-responsive hybrids can 
facilitate cell recovery without restraining cell attachment and proliferation.  
 IV
An alternative one-step method is also used to covalently attach VBC via radical-initiated 
hydrosilylation with the Si(111)-H surface. From the attached VBC monolayer, GMA 
polymer-Si(111), or P(GMA)-Si(111), hybrids were prepared via surface-initiated ATRP 
for subsequent immobilization of glucose oxidase (GOD). An equivalent enzyme activity 
(EA) of above1.6 units/cm2 and a relative activity (RA) of about 55-65% were achieved 
for the immobilized GOD. The developed one-step coupling of VBC via UV-induced 
hydrosilylation was also extended to the preparation of poly(2-hydroxyethyl 
methacrylate)-Si(111), or P(HEMA)-Si(111), and P(PEGMA)-Si(111) hybrids via 
surface-initiated ATRP. The active chloride end groups (preserved throughout the ATRP 
process) and the chloride groups (converted from the hydroxyl pendant groups of the 
P(HEMA)-Si(111) or P(PEGMA)-Si(111) hybrid surfaces) were used as leaving groups to 
immobilize collagen or heparin to produce the collagen-coupled P(HEMA)-Si(111) or 
heparin-coupled P(PEGMA)-Si(111) hybrids. The collagen-coupled P(HEMA)-Si(111) 
hybrid surfaces exhibited good cell adhesion and growth characteristics. The heparin-
coupled P(PEGMA)-Si(111) hybrid surfaces exhibited significantly improved 
antithrombogenicity with a plasma recalcification time (PRT) of about 150 min.  
 
Finally, surface-initiated ATRP was combined with nitroxide-mediated radical 
polymerization (NMRP), or reversible addition-fragmentation chain transfer polymerization 
(RAFTP), to prepare micropatterned and binary polymer brushes on a Si(100) surface. The 
combination of surface-initiated NMRP and ATRP was carried out on photoresist-patterned 
silicon surfaces, while the combination of surface-initiated ATRP and RAFTP for the 
preparation of micropatterned binary brushes was carried out in a resist-free process with 
the aid of a photomask. 
 V
NOMENCLATURES 
AFM                        Atomic force microscopy 
ATRP                       Atom transfer radical polymerization 
NMRP                      Nitroxide-mediated radical polymerization 
Bpy                           2,2’-Bipyridine 
BSA                          Bovine serum albumin 
DMAEMA               (N,N-Dimethylamino)ethyl methacrylate 
HEMA                     2-Hydroethyl methacrylate 
HF                            Hydrofluoric acid 
HMTETA                1,1,4,7,10,10,-Hexamethyltriethyenetetramine  
GMA                        Glycidyl methacrylate 
GOD                        Glucose oxidase 
NIPAAm                  N-Isopropylacrylamide 
PEGMA                   Poly(ethylene glycol) monomethacrylate 
PRT                          Plasma recalcification time  
RAFTP                     Reversible addition-fragmentation chain transfer polymerization 
SEM                         Scanning electron microscopy 
Si(100)                     (100)-Oriented single crystal silicon 
Si(111)                     (111)-Oriented single crystal silicon 
Si-H                         Hydrogen-terminated silicon 
UV                           Ultraviolet 
VBC                         4-Vinyl benzyl chloride 
XPS                          X-ray photoelectron spectroscopy 
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Fluoride-based etching methods for preparing hydrogen-terminated 
silicon (Si-H) surfaces (Buriak, 2002). 
 
Mechanism for radical initiated hydrosilylation (Buriak, 2002). 
 
Mechanism for UV-induced hydrosilylation (Boukherroub et al., 1999). 
 
Preparation of polymer brushes by ‘physisorption’, ‘grafting to’ and 
‘grafting from’ methods (Zhao and Brittain, 1999). 
 
(a) NMRP mechanism (Hawker et al., 1996) and (b) preparation of 
polystyrene brushes by surface-initiated NMRP (Husseman et al., 1999). 
 
(a) ATRP mechanism (Matyjaszewski and Xia, 2001) and (b) preparation 
of polymer brushes by surface-initiated ATRP of methacrylate-based 
monomers (Senaratne et al., 2005). 
 
Preparation of Si-C bonded polymer brushes by surface-initiated ATRP 
from Si-H surfaces (Yu et al., 2004). 
 
 
Schematic diagram illustrating the processes of UV-induced coupling of 
VAn on the Si-H surface to give rise to the Si-VAn surface, reaction of 
the Si-VAn surface with 2-bromoisobutyrate bromide to give rise to the 
Si-VAn-Br surface, and surface-initiated ATRP on the Si-VAn-Br 
surface. 
 
(a, b) Si 2p core-level and wide scan spectra of the Si-H surfaces, (c, d) 
N1s core-level and wide scan spectra of the Si-VAn surface, and (e, f) Br 
3d core-level and wide scan spectra of the Si-VAn-Br surface. Inset (a’) 
shows the Si 2p core-level spectra of the pristine Si(100). 
 
C 1s and N 1s core-level spectra of the (a, b) Si-g-P(PEGMA) and (c, b) 
Si-g-P(NIPAAm) surfaces from ATRP of 2 h. 
 
Dependence of the thickness of the grafted P(PEGMA) layer for (a) the 
Si-g-P(PEGMA) surface and of the grafted P(NIPAAm) layer for (b) the 
Si-g-P(NIPAAm) surface on the polymerization time during the surface-
initiated ATRP.  
 
Optical micrographs of 3T3 fibroblasts cultured for 2 days on the pristine 
Si(100) surface ((a) at 37oC, (a’) at 20oC), the Si-VAn surface ((b) at 

















































Si-g-P(PEGMA) surfaces (d, e and f, corresponding to increasing 
thickness, as in Samples i, ii and iii in Table 2.1), and the Si-g-
P(NIPAAm) surfaces (((g, h and i) at 37oC, (g’, h’ and i’) at 20oC), 
corresponding to increasing thickness, as in Samples iv, v and vi in Table 
3.1). 
 
C 1s and N 1s core-level spectra of the (a, b) Si-g-P(NIPAAm)(0.5% 
PEGMA) and (c, b) Si-g-P(NIPAAm)(1.0% PEGMA) surfaces. 
 
Optical micrographs of the Si-g-P(NIPAAm) surface ((a) at 37oC, (a’, a”) 
at 20oC), the Si-g-P(NIPAAm)(0.5% PEGMA) surface ((b) at 37oC, (b’, 
b”) at 20oC) and the Si-g-P(NIPAAm)(1.0% PEGMA) surface ((c) at 
37oC, (c’, c”) at 20oC). The surfaces correspond to those described in 
Table 3.2. 
 
AFM images of (a) the Si-H surface, (b) the Si-VAn-Br surface, (c) the 
Si-g-P(PEGMA) surface obtained at ATRP time of  2 h,  (d) the Si-g-
P(NIPAAm) surfaces obtained at ATRP time of 2 h, (e) the Si-g-
P(NIPAAm)(0.5% PEGMA) surface corresponding to that described in 
Figure 3.6(a), and (f) the Si-g-P(NIPAAm)(1.0% PEGMA) surface 
corresponding to that described in Figure 3.6(c). 
 
C 1s and N 1s core-level spectra of (a, b) the Si-g-P(PEGMA)-b-
P(NIPAAm) surface ([NIPAAm]:[CuBr]:[CuBr2]:[HMTETA] = 100: 
1:0.2:2 in DMSO at 40oC for 10 h), and (c, d) the Si-g-P(NIPAAm)-b-
P(PEGMA) surface ([PEGMA]:[CuBr]:[CuBr2]:[HMTETA] = 100:1: 
0.2:2 in deionized water at 40oC for 10 h), Their starting Si-g-P(PEGMA) 
and Si-g-P(NIPAAm) surfaces corresponded to those described in Figure 
3.3. 
 
Optical micrographs of cell adhesion on the Si-g-P(PEGMA)-b-
P(NIPAAm) surface ((a) at 37oC, (a’) at 20oC), and the Si-g-P(NIPAAm) 
-b-P(PEGMA) surface ((b) at 37oC). The surfaces correspond to those 
described in Table 3.3. 
 
 
Schematic diagram illustrating the processes of UV-induced 
hydrosilylation of VBC with the Si-H surface to produce the Si-VBC 
surface, surface-initiated ATRP of GMA from the Si-VBC surface (the 
Si-g-P(GMA) surface), CPA coupling via a ring-opening reaction of the 
epoxy groups on the Si-g-P(GMA) surface (the Si-g-P(GMA)-Cl 
surface), and surface-initiated ATRP of NIPAAm from the Si-g-
P(GMA)-Cl surface. 
 
C 1s and Cl 2p core-level spectra of (a, b) the Si-VBC surface, (c, d) the 
Si-g-P(GMA) surface, and (e, f) the Si-g-P(GMA)-Cl surface. Inset (a’) 


















































Dependence of the (a) thickness and (b) degree of polymerization (DP) of 
the grafted P(GMA) chains of the Si-g-P(GMA) surface on the surface-
initiated ATRP time. 
 
Wide scan and N 1s core-level spectra of the (a, b) Si-g-P(GMA)-b-
P(NIPAAm) surface, (c, d) Si-g- P(GMA)-cb-P(NIPAAm)1 surface, and 
(e, f) Si-g-P(GMA)-cb-P(NIPAAm)2 surfaces. The surfaces correspond 
to those described in Table 4.1. 
 
Optical micrographs of the adhesion and detachment characteristics of 
3T3 fibroblasts of the Si-g-P(GMA) ((a) at 37oC, (a’, a”) at 20oC), Si-g-
P(GMA)-b-P(NIPAAm) ((b) at 37oC, (b’, b”) at 20oC), Si-g-P(GMA)-cb-
P(NIPAAm)1 ((c) at 37oC, (c’, c”) at 20oC), and Si-g-P(GMA)-cb-
P(NIPAAm)2 ((d) at 37oC, (d’, d”) at 20oC) surfaces. The surfaces 
correspond to those described in Table 4.1. 
 
Time-dependent cell detachment from the graft-modified silicon surfaces 
upon reducing the culture temperature to 20oC, which is well below the 
LCST of P(NIPAAm) at about 32oC.  
 
 
Schematic diagram illustrating the processes of radical-initiated 
hydrosilylation of VBC with the Si-H surface to produce the Si-VBC 
surface, surface-initiated ATRP of GMA from the Si-VBC surface at 
room temperature, and GOD immobilization on the Si-g-P(GMA) 
surface. 
 
Wide scan and Cl 2p core-level spectra of the (a, b) Si-H and (c, d) Si-
VBC surfaces. 
 
C 1s and N 1s core-level spectra of the (a, b) Si-g-P(GMA) (at the ATRP 
time of 5 h), (c, d) Si-g-P(GMA)-GOD (at the GOD immobilization time 
of 0.5 h), and (e, f)  Si-g-P(GMA)-GOD (at the GOD immobilization 
time of 5 h) surfaces. 
 
Dependence of (a) thickness and (b) degree of polymerization (DP) of the 
grafted P(GMA) chains of the Si-g-P(GMA) surface on the surface-
initiated ATRP time. 
 
Dependence of the amount of covalently immobilized GOD of the Si-g-
P(GMA)-GOD surface on the immobilization time. 
 
Dependence of (a) the amount, and (b) the enzymatic activity (EA) and 
relative activity (RA) of the covalently immobilized GOD of the Si-g-
P(GMA)-GOD surface on the thickness of the grafted P(GMA) layer. 


















































C 1s and N 1s core-level spectra of the Si-g-P(GMA)-GOD surface after 
storage (a, b) in air at 4 ºC for 14 days, and (c, d) in PBS solution at 4 ºC 
for 14 days. The C 1s and N 1s spectra of the original Si-g-P(GMA)-
GOD surface correspond to those shown in Figure 5.3 (e, f).  
 
 
Schematic diagram illustrating the processes of UV-induced 
hydrosilylation of VBC on the Si-H surface to produce the Si-VBC 
surface, surface-initiated ATRP of HEMA from the Si-VBC surface at 
room temperature, conversion of the hydroxyl group of the P(HEMA) 
side chains into the chloride derivative, and collagen immobilization on 
the Si-g-P(HEMA) surfaces. 
 
Wide scan and Cl 2p core-level spectra of the (a, b) Si-H and (c, d) Si-
VBC surfaces. 
 
C 1s, Cl 2p and N 1s core-level spectra of the (a, b) Si-g-P(HEMA) 
(obtained at the ATRP time of 4 h), and (c, d) Si-g-P(HEMA) (obtained 
at the ATRP time of 8 h) surfaces.  
 
Dependence of (a) thickness and (b) degree of polymerization (DP) of the 
grafted P(HEMA) chains of the Si-g-P(HEMA) surface on the surface-
initiated ATRP time. 
 
C 1s and N 1s core-level spectra of (a, b) collagen, (c, d) the Si-g-
P(HEMA)-Collagen1 surface from ATRP time of 4 h, and (e, f) the  Si-g-
P(HEMA)-Collagen1 surface from ATRP time of 8 h.  
 
C 1s and Cl 2p core-level spectra of the (a, b)Si-g-P(HEMA)-Cl (from 
ATRP time of 4 h) and (c, d) Si-g-P(HEMA)-Cl (from ATRP time of 8 h) 
surfaces.  
 
C 1s and N 1s core-level spectra of (a, b) the Si-g-P(HEMA)-Collagen2 
surface from ATRP time of 4 h and (c, d) the  Si-g-P(HEMA)-Collagen2 
surface from ATRP time of 8 h. 
 
Optical micrographs of 3T3 fibroblasts cultured for 2 days on the (a) 
pristine Si(111), (b) Si-VBC, (c, d) Si-g-P(HEMA), (e, f) Si-g-
P(HEMA)-Collagen1, and (g, h) Si-g-P(HEMA)-Collagen2 surfaces.  
 
MTT assay of viability of 3T3 fibroblasts cultured for 2 days on the 
pristine Si(111), Si-VBC, Si-g-P(HEMA), Si-g-P(HEMA)-Collagen1 and 
Si-g-P(HEMA)-Collagen2 surfaces.  
 
 

















































hydrosilylation of VBC with the Si-H surface to produce the Si-VBC 
surface, surface-initiated ATRP of PEGMA from the Si-VBC surface, 
conversion of the hydroxyl group of the P(PEGMA) side chains into the 
chloride derivative, and heparin immobilization on the Si-g-P(PEGMA) 
surfaces. 
 
C 1s and Cl 2p core-level spectra of the (a, b) Si-VBC, (c, d) Si-g-
P(PEGMA) (from an ATRP time of 4 h), and (e, f) Si-g-P(PEGMA) 
(from an ATRP time of 8 h) surfaces.  
 
Dependence of (a) thickness and (b) degree of polymerization (DP) of the 
grafted P(PEGMA) chains of the Si-g-P(PEGMA) surface on the surface-
initiated ATRP time. 
 
C 1s and S 2p core-level spectra of the (a, b) Si-g-P(PEGEMA)-Heparin1 
(from an ATRP time of 4 h) and (c, d)  Si-g-P(PEGMA)-Heparin1 (from 
an ATRP time of 8 h) surfaces.  
 
C 1s and Cl 2p core-level spectra of the (a, b) Si-g-P(PEGMA)-Cl (from 
an ATRP time of 4 h) and (c, d) Si-g-P(PEGMA)-Cl (from an ATRP 
time of 8 h) surfaces.  
 
C 1s and S 2p core-level spectra of the (a, b) Si-g-P(PEGMA)-Heparin2 
(from an ATRP time of 4 h) and (c, d) Si-g-P(PEGMA)-Heparin2 (from 
an ATRP time of 8 h) surfaces. 
 
[N]/[C] ratio for  the (A) pristine (oxide-covered) Si(111), (B) Si-VBC, 
(C) Si-g-P(PEGMA) (from an ATRP time of 4 h), (D) Si-g-P(PEGMA)-
Heparin1 (from an ATRP time of 4 h) and (E) Si-g-P(PEGMA)-Heparin2 
(from an ATRP time of 4 h) surfaces before and after exposure to BSA 
and BPF solutions.  
 
SEM images of platelets adhered on  the (a) pristine Si(111), (b) Si-VBC, 
Si-g-P(PEGMA) (from an ATRP time of 4 h (c) and (d) 8 h), Si-g-
P(PEMA)-Heparin1 (from an ATRP time of 4 h (e) and (f) 8 h), and  Si-
g-P(PEGMA)-Heparin2 (from ATRP time of 4 h (g) and (h) 8 h) surfaces.
 
PRT on the glass, pristine Si(111), Si-VBC, Si-g-P(PEGMA), Si-g-
P(PEMA)-Heparin1, and Si-g-P(PEGMA)-Heparin2 surfaces. 
 
 
Schematic diagram illustrating the processes of controlled micro 
patterning of a silicon surface by a combination of surface-initiated 
nitroxide-mediated radical polymerization (NMRP) and ATRP.  
 



























XPS wide scan spectra of the (a) Si-VBC(ATRP), (b) Si-
TEMPO(NMRP), (c) Si-g-PS(NMRP), (d) Si-g-P(NaStS)(ATRP), (e) Si-




AFM images of the Si-VBC/Si-TEMPO, Si-VBC/Si-g-PS, Si-g-P(NaStS) 
/Si-g-PS, Si-g-P(NaStS)/Si-g-PS-b-P(HEMA), and Si-g-P(NaStS)-b-
P(HEMA)/Si-g-PS-b-P(HEMA) surfaces.  
 
Schematic diagram illustrating the process of non-lithographic 
micropatterning of a silicon surface by a combination of surface-initiated 
ATRP and reversible addition-fragmentation chain-transfer 
polymerization (RAFTP).  
 
XPS Si 2p core-level spectra of the hydrogen-terminated Si(100) surface 
(Si-H surface) (a) before and (b) after exposure to air. Inset (a’) shows 
the pristine (oxide-covered) Si(100) surface. Wide scan spectra of the 
control (c) Si-VBC, (d) Si-g-P(NaStS)(ATRP), (e) SiO2-ACP, and (f) Si-
g-P(HEMA)(RAFTP) surfaces. 
 
Representative AFM images of the micropatterned (a) Si-VBC/SiO2, (b) 












































Chemical composition, layer thickness, and static water contact angle of 
the graft-polymerized silicon surfaces. 
 
Surface chemical composition, layer thickness, and static water contact 
angle of the surface-initiated graft copolymers of NIPAAm with 
PEGMA. 
 
Chemical composition, layer thickness, and static water contact angle of 




Layer thickness and static water contact angle of the polymer-Si(100) 
hybrids prepared via surface-initiated ATRP. 
 
 
Static water contact angle, amount of immobilized GOD, and enzyme 
activity of the GOD-functionalized silicon surfaces. 
 
 
Static water contact angle, [N]/[C] ratios and surface composition of the 
functionalized silicon surfaces. 
 
 










1.1 Background of Research  
Oriented single-crystal silicon is one of the most important materials in modern 
technology, because of its extensive applications in electronic industries and its 
predominant role in the development of optoelectronic devices, micro-electromechanical 
machines and semiconductor-based biomedical devices. The chemistry and topography of 
the silicon surfaces affect the function and characteristics of the silicon-based devices. The 
understanding and control of physicochemical properties of silicon surfaces are of great 
importance in the production of silicon-based devices, as well as in the construction of 
advanced devices on silicon substrates (Hamers and Wang, 1995; Buriak, 2002). 
 
Recently, considerable attention has been paid to the functionalization of silicon surfaces 
with organic molecules. The ability to manipulate and control the physicochemical 
properties of silicon surfaces is crucial to the modern silicon-based microelectronics 
industries (Kong et al., 2001; Buriak, 2002) and to the development of new silicon-based 
devices, such as bio-micro-electromechanical systems (BioMEMS) (Tao and Xu, 2004), 
micro- and nano-three-dimensional memory chips (Bent, 2002), and DNA- and protein-
based biochips and biosensors (Cai et al., 2004; Voicu et al., 2004). In the design of more 
sophisticated and intelligent silicon-based devices, the silicon substrates are required to 
have unique surface properties, such as wettability, conductivity, chemical affinity, 
chirality, biocompatibility, biomolecular recognition ability, or stimuli-responsive 
characteristics (Cui et al., 2001; Buriak, 2002). The desired molecular properties can be 
readily introduced into existing silicon-based devices or new biomedical sensors via 
covalently immobilizing relevant organic materials onto the inorganic silicon substrates. 
Thus, functionalization of silicon substrate surfaces can be tailored by surface molecular 
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design. Of a variety of surface functionalization techniques, self-assembled monolayers 
and polymer brushes have attracted considerable attention due to their intriguing 
physicochemical properties and ease of processing (Senaratne et al., 2005). Especially, 
polymer brushes as surface-active materials have been playing an important role in 
biotechnology. A more detailed literature survey can be found in Chapter 2. 
 
1.2 Research Objectives and Scopes 
From the literature survey in Chapter 2, only one report described the preparation of 
robust Si-C bonded polymer brushes from the Si-H surfaces via surface-initiated atom 
transfer radical polymerization (ATRP), and the ATRP initiators were immobilized in a 
multi-step process (Yu et al., 2004). Relatively few studies have applied the functional 
polymer brushes prepared from surface-initiated ATRP to the fields of biomaterial and 
biomedical devices. In addition, combination of surface-initiated ATRP with other living 
radical polymerization techniques to prepare micropatterned polymer brushes and binary 
brushes on silicon surfaces remains to be explored. Based on these interesting and 
challenging problems, the objectives of this thesis are as follows: 
z Simple methods for immobilizing the Si-C bonded ATRP initiators on the Si-H 
surfaces will be investigated; 
z A series of well-defined polymer-silicon hybrids with appropriate chemical and 
physical functionalities will be prepared via surface-initiated ATRP from the Si-C 
bonded ATRP initiators; 
z These polymer-silicon hybrids are to be explored as biomaterials for controlling cell 
adhesion and coupling of different biomacromolecules; 
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z Surface-initiated ATRP is to be combined with other surface-initiated living radical 
polymerization techniques to prepare micropatterned binary polymer brushes. 
 
This thesis will focus on the most common studied (100) and (111) orientation of the 
silicon surfaces. This thesis consists of nine chapters. Chapter 1 provides a general 
introduction to the subject. Chapter 2 presents an overview of the related literature. 
Chapter 3 describes a two-step method for the immobilization of Si-C bonded ATRP 
initiators which are used to prepare the functional polymer-Si(100) hybrids for controlling 
cell adhesion. Chapter 4 describes a simple one-step method for coupling, via Si-C 
bonding, of the ATRP initiator, 4-vinylbenzyl chloride (VBC), through UV-induced 
hydrosilylation on the Si(100) surfaces. Based on the immobilized VBC monolayer, 
poly(glycidyl methacrylate)-Si(100), or P(GMA)-Si(100), hybrids are prepared from 
surface-initiated ATRP. These hybrids are further functionalized with thermo-responsive 
polymers for accelerated cell detachment. In Chapter 5, an alternative one-step method for 
the covalent attachment of VBC via radical-initiated hydrosilylation of the Si(111) 
surfaces is described. From the attached VBC monolayer, P(GMA)-Si(111) hybrids are 
prepared by surface-initiated ATRP. The hybrid surfaces are used for the immobilization 
of glucose oxidase. Chapter 6 is concerned with the one-step coupling of VBC via UV-
induced hydrosilylation of the Si(111) surfaces for the preparation of poly(2-hydroxyethyl 
methacrylate)-Si(111), or P(HEMA)-Si(111), hybrids via surface-initiated ATRP. The 
P(HEMA)-Si(111) hybrids are used to couple collagen for cell immobilization and 
enhance the surface biocompatibility. In Chapter 7, based on the immobilized VBC 
monolayer on the Si(111) surface from UV-induced hydrosilylation, poly(poly(ethylene 
glycol) methacrylate)-Si(111), P(PEGMA)-Si(111), hybrids are prepared via surface-
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initiated ATRP. These hybrids are utilized to couple heparin for the preparation of blood 
compatible surfaces. In Chapter 8, surface-initiated nitroxide-mediated radical 
polymerization (NMRP) and reversible addition-fragmentation chain transfer 
polymerization (RAFTP) are combined with surface-initiated ATRP in the preparation of 
micropatterned binary polymer brushes on silicon surfaces. Finally, the summary and 
recommendation for further work are given in Chapter 9. With the inherent advantage of 
the electronic properties of silicon substrates, the well-defined (and patterned) functional 
polymer brushes, together with the functionalities of coupled biomacromolecules, the 
functional polymer-silicon hybrids are potentially useful for the fabrication of silicon-
based biochips. They can also be tailored to the specific requirements of many silicon-

















2.1 Surface Functionalization of Silicon Substrates via Self-Assembly of Monolayers 
Self-assembled monolayers (SAMs) are ordered molecular assemblies formed by the 
adsorption of active molecules with specific affinities to a solid surface. Chemically well 
controlled and functionalized surfaces can be prepared from specific SAMs (Ulman, 1996). 
Due to their flexibility of processing, molecular order, versatility and simplicity, SAMs 
have potential applications in corrosion prevention, chemical and biochemical sensing and 
others. A comprehensive review on SAMs is available (Ulman, 1996). For the case of 
silicon surfaces, most SAMs studies were carried out on the native oxide-covered and 
hydrogen-terminated silicon surfaces. The research works will be surveyed in Section 
2.1.1 and Section 2.1.2, respectively. 
 
2.1.1 Monolayers on Native Oxide-Covered Silicon Surfaces 
Upon exposure to air, single-crystal silicon surfaces become coated rapidly with a thin, 
native oxide layer (Waltenburg and Yates, 1995; Buriak, 2002). The most commonly 
studied SAMs on the native oxide-covered silicon surfaces involve organoalkoxysilanes, 
such as alkylchlorosilane, alkylalkoxysilane and alkylaminosilane (Sagiv, 1980; Ulman, 
1996). The silane-based SAMs were coupled to the silicon surface via Si-O-SiR bonds, 
which were formed via reactions of organoalkoxysilanes with the silanol groups of 
hydroxylated oxide surfaces (-SiOH). Organoalkoxysilanes with a variety of functional 
terminal groups, such as halogen, cyanide, thiocyanide, methyl ether, acetate, vinyl and p-
chloromethylphenyl, have been used to prepare various SAMs (Ulman, 1996; Chechik et 
al., 2000). The silane-based SAMs provide good opportunity for silicon surface 
modification and functionalization to tailor the surface energy and interfacial properties, 
such as wettability, adhesion, friction and biomolecular recognition. However, it is not 
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easy to obtain high-quality SAMs of organoalkoxysilanes, mainly because of the need to 
carefully control the amount of water in solution (Silberzan et al., 1991). In addition, the 
resultant Si-O-SiR bonds that link the organic SAMs to the oxide silicon surfaces are 
thermally labile and susceptible to hydrolytic cleavage (Calistri et al., 1996; Sieval et al., 
2001).  
 
2.1.2 Monolayers from Hydrogen-Terminated Silicon Surfaces 
While native oxide monolayers on silicon have been proven very useful, considerable 
attention has been directed towards the directly covalent attachment of organic 
monolayers to the underlying silicon substrates via the more robust Si-C bonds (Sieval et 
al., 2000; 2001). For the preparation of Si-C bonded monolayers, hydrogen-terminated 
silicon (Si-H) surfaces generally serve as ideal starting points and the most common Si-C 
bond-forming method involves hydrosilylation of alkenes with Si-H surfaces. 
 
In the preparation of a Si-H surface, the native oxide-capped layer on the silicon surface is 
removed chemically by fluoride ion to produce the Si-H surfaces (Waltenburg and Yates, 
1995; Buriak, 2002). Industrially, the most important crystallographic face orientations of 
single crystal silicon are Si(100) and Si(111), although other Si(hkl) orientations are 
known (Hamers and Wang, 1996; Buriak, 2002). The preparation methods of hydrogen-
terminated Si(100) (Si(100)-H) and Si(111) (Si(111)-H) surfaces are outlined in Figure 2.1. 
The native oxide-covered flat Si(100) substrate surface is treated with dilute aqueous HF 
to produce the Si(100)-H surface containing predominate SiH2 species. Treatment of a 
Si(111) wafer with aqueous NH4F or HF gives rise to the atomically flat monohydride 
(SiH) Si(111)-H surfaces (Higashi et al., 1990; Bansal et al., 1996). Si-H surfaces are 
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actually quite stable and can be handled in air for several minutes before a measurable 
extent of surface oxidation occurs. This oxidation stability makes it possible for the Si-H 
surfaces to serve as the starting points for their subsequent functionalization via 








Figure 2.1 Fluoride-based etching methods for preparing hydrogen-terminated silicon (Si-
H) surfaces (Buriak, 2002). 
 
 
Hydrosilylation of Si-H surfaces can generally be activated by a radical initiator, heat, 
photoirradiation or metal mediation (Buriak, 2002; Wayer and Wolkow, 2002). Of these 
hydrosilylation techniques, initiator-based and UV-induced hydrosilylation methods are 
most widely practiced. For the radical initiated hydrosilylation, a model radical 
mechanism was proposed for monolayer formation as shown in Figure 2.2. The initiator, 
diacyl peroxide, undergoes homolytic cleavage to form an alkyl radical R·. The R· then 
abstracts a hydrogen atom from a neighboring Si-H group on the surface and produces a 
highly reactive silicon radical. The silicon radical reacts with alkenes to form a surface-
bonded alkyl radical on the ß-carbon. This alkyl radical, in turn, abstracts a hydrogen atom 
from an adjacent Si-H bond. The abstraction thus saturates the alkyl group, completes the 
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hydrosilylation process and creates another reactive silicon radical on the surface. The 










Figure 2.2 Mechanism for radical initiated hydrosilylation (Buriak, 2002). 
 
Linford and Chidsey (1993) demonstrated for the first time that densely packed alkyl 
monolayers, directly bonded to silicon surfaces via Si-C bonds, can be prepared in the 
presence of a diacyl peroxide radical initiator from the Si-H surfaces. But these 
monolayers were not comprised of pure alkyl chains. When exposed to boiling water, 
about 30% of the monolayers were removed. After that, Linford et al. (1995) prepared the 
high-quality alkyl monolayers from Si(111)-H surfaces. The monolayers demonstrated 
excellent stability and withstand boiling water, organic solvent, acid and base, and 
fluoride treatment. The monolayers were densely packed and tilted approximately 30o. In 
addition, little oxidation of the monolayer-functionalized silicon surface was observed 
under ambient conditions, indicating that the radical initiated hydrosilylation is very 




For the preparation of Si-C bonded monolayers from the Si-H surfaces via UV-induced 
hydrosilylation, a number of studies has shown that UV irradiation can promote 
hydrosilylation of unsaturated compounds due to the homolytic cleavage of the Si-H 
bonds. A model UV-mediated mechanism was proposed by Boukherroub et al. (1999) for 
monolayer formation under these conditions, as shown in Figure 2.3. The surface Si-H 
bond is homolyticaly dissociated by UV irradiation to form a radical site (a dangling 
bond), which reacts with alkenes to form a surface-bonded alkyl radical on the ß-carbon. 
This alkyl radical, as is the case of radical initiated hydrosilylation, abstracts a hydrogen 
atom from an adjacent Si-H bond and the propagation process is completed. UV 










Figure 2.3 Mechanism for UV-induced hydrosilylation (Boukherroub et al., 1999). 
 
Terry et al. (1997) demonstrated that UV (185 and 254 nm) irradiation of a Si(111)-H 
surface brought about the hydrosilylation of an aliphatic alkene (e.g. 1-pentene, and 1-
octadecene) in 2 h at room temperature. Cicero et al. (2000; 2002) investigated the 
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photoreactivity of Si(111)-H with dioxygen and a wide range of olefins and acetylenes. 
Illumination of the Si(111)-H surface in deoxygenated unsaturated hydrocarbons (1-octene, 
1-octadecence, 1-octyne, styrene and phenylacetylene) with ultraviolet light of 350 nm (or 
shorter) wavelength resulted in densely packed hydrocarbon films. Effenberger et al. 
(1998) found that UV irradiation with longer wavelength (up to 385 nm) for 20-24 h was 
also effective in promoting alkene hydrosilylation. A variety of alkenes and alkynes were 
successfully coupled to the Si-H surfaces via UV-induced hydrosilylation (Buriak, 2002; 
Wayner and Wolkow, 2002). The use of UV light to activate Si-H surfaces is particularly 
attractive due to its ease of processing. The drawback in using UV excitation is the 
possibility of inducing side reactions, such as polymerization reactions.  
 
Most of the Si-C bonded monolayers prepared from Si-H surfaces were terminated with 
unfunctionalized alkyl groups. These groups are useful for mechanistic studies as well as 
for passivation and chemical stabilization. However, the low reactivity of the terminal 
methyl group makes it necessary and essential to further functionalize the attached 
monolayers. The excellent stability of attached monolayers makes it possible to prepare 
functionalized silicon surfaces. Sieval et al. (1998) demonstrated that ester-terminated 
monolayer can be hydrolyzed to acid group or reduced to hydroxyl group. Boukherroub 
and Wayner (1999) described chemical manipulations of the ester groups of the covalently 
tethered monolayers. It is possible to bind biomolecules to the functionalized alkyl groups 
for investigation, sensing and surface-related assays. For example, Strother et al. (2000) 
described that alkyl monolayers can be functionalized to immobilize DNA. Preparation of 
functionalized silicon surfaces can also be achieved by hydrosilylation of Si-H surfaces 
with 1-alkenes (having a protected functional group at the ω-position). Subsequent 
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removal of the protective groups can give rise to the interested NH2 or COOH-terminated 
monolayers (Strother et al., 2000; Sieval et al., 2002). The functionalized monolayers are 
promising for preparing more sophisticated surfaces in a variety of applications, including 
biosensor design, microarrays for assays and biochips.   
 
2.2 “Polymer Brushes” Functionalized Surfaces  
Instead of very thin monolayers for passivation and functionalization of silicon surfaces, 
tethering of polymer brushes on a solid substrate is an alternative and effective method for 
increasing the spatial density of functional groups on the surface, as well as for modifying 
the surface properties. Polymer brushes could be described as polymer chains tethered to a 
surface or interface with a sufficiently high grafting density (Milner, 1991). Surface 
functionalization with grafted polymer brushes can improve the effect of monolayers by 
extending the 2-dimensional arrangement of the organic compounds to 3-dimesional. 
Surface modification by grafting of polymer brushes is widely used to tailor surface 
properties, such as wettability, biocompatibility, lubrication, and corrosion resistance. 
Polymer brushes possess mechanical and chemical robustness, and could be coupled with 
a high degree of synthetic flexibility towards the introduction of a variety of functional 
groups. 
 
In general, methods for the fabrication of polymer brushes include physisorption and 
covalent attachment (Figure 2.4). For polymer physisorption, block copolymers are 
adsorbed onto a suitable substrate. One block of the block copolymers interacts strongly 
with the surface and the other block interacts weakly with the substrate. Physically 
adsorbed block copolymers are usually unstable because of the limited interactions. Such 
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problems could be overcome by covalently tethering polymer chains to the substrates. 
Covalent attachment can be accomplished by either "grafting to" or "grafting from" 













Figure 2.4 Preparation of polymer brushes by ‘physisorption’, ‘grafting to’ and ‘grafting 
from’ methods (Zhao and Brittain, 1999). 
 
2.2.1 ‘Grafting to’ Approach to Prepare Polymer Brushes 
For the ‘grafting to’ approach, a grafted layer can be performed by end-functionalized 
polymers with terminal groups (which can react with appropriate groups on a suitable 
substrate surface) to form tethered polymer brushes. The method is experimentally simple, 
and has been used often in the preparation of polymer brushes (Mansky et al., 1997; Ebata 
et al., 1998; Prucker et al., 1999). For the case of silicon functionalization, the polymer 
brushes were studied commonly on the native oxide-covered silicon surfaces. These end-
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functionalized polymers were reacted with silanol groups on the silicon surfaces to form 
polymer brushes (Mansky et al., 1997; Yang et al., 1998).  
 
The ‘grafting to’ method, however, has its limitations. It is very difficult to achieve high 
grafting densities because of steric crowding of reactive surface sites by the already 
adsorbed polymers. The amount of polymer grafted is typically less than 5 mg/m2. It is 
easy to picture that once the surface is substantially covered with polymers, an additional 
polymer chain, which will try to reach the surface, must diffuse against the concentration 
gradient built up by the already grafted polymer chains. This is a strong kinetic hindrance 
to overcome. Furthermore, the thickness of the graft layer is limited by the molecular 
weights of the polymers in solution. Another drawback is the difficulty of incorporating 
functional groups, because some groups can undergo side reactions with the reactive 
“anchor groups” used for the chemical grafting (Zajac and Chakrabarti, 1995). To 
overcome these problems, the alternative ‘grafting from’ approach can be used.  
 
2.2.2 ‘Grafting from’ Approach to Fabricate Polymer Brushes 
The ‘grafting from’ polymerization (also called ‘surface-initiated polymerization’) from 
the initiators bounded to surfaces is one of the most effective and convenient methods of 
surface modification and functionalization with controlled dense brushes. The substrate is 
first modified with the initiator monolayer. The polymer chains grow directly from the 
reactive sites of the immobilized initiator layer (Boven et al., 1990; Prucker and Ruehe, 
1998). Thus, the method is also termed surface-initiated graft polymerization. The 
screening of grafting sites is much reduced because the addition of monomers to growing 
chain ends or to primary radicals is sterically much less hindered by the already grafted 
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chains. Therefore, the method is more effective in producing a polymer film with large 
thickness and high graft density. 
 
In order to achieve maximum control over brush density, polydispersity and composition, 
while still allowing the formation of block copolymers on the surface, a controlled or 
living surface graft polymerization is highly desirable. With the progress in 
polymerization methods, it is possible to prepare well-defined polymer graft chains on 
various substrates by living or controlled polymerization strategies, such as surface-
initiated living cationic polymerization (Jordan and UIman, 1998), anionic polymerization 
(Ingall et al., 1999; Jordan et al., 1999), ring opening polymerization (Choi and Langer, 
2001), reversible addition-fragmentation chain transfer polymerization (RAFTP) (Tully et 
al., 1999), nitroxide-mediated radical polymerization (NMRP) (Husseman et al., 1999) and 
atom transfer radical polymerization (ATRP) (Ejaz et al., 1998; Zhao and Brittain, 1999; 
Pyun and Matyjaszewski, 2001). Of these living polymerization methods, cationic, anionic 
and ring opening polymerization techniques require stringent experimental conditions 
and/or sophisticated catalysts which are often air- and/or moisture-sensitive. These 
requirements make their large-scale industrial application very difficult. In recent years, 
the development of RAFTP, NMRP and ATRP has opened up new and versatile routes to 
the preparation of well-defined and narrow-polydispersity polymer brushes with 
controlled structures. All of them are based on the fast and reversible dynamic equilibrium 






2.2.2.1 Surface-Initiated RAFTP 
RAFTP is a controlled free radical polymerization technique that is based on a 
degenerative transfer mechanism in which a dithioester compound acts as a chain transfer 
agent. The polymerization is initiated using a conventional initiator such as AIBN. Radical 
transfer between growing chains, either in solution or on a surface, gives good control of 
the polymerization, and capping of growing chains by the dithioester moiety produces the 
good living characteristics (Edmondson et al., 2004). Baum and Brittain (2002) 
successfully prepared poly(styrene), poly(methyl methacrylate) and poly(N,N-
dimethylacrylamide) brushes from silica surfaces that were modified with surface-
immobilized azo initiator in the presence of a dithiobenzoate chain transfer agent.  
 
A major advantage of RAFTP is that it is compatible with a wide range of functional 
monomers, such as acrylic acid, styrenesulfonic acid, hydroxyethyl acrylate and 
dimethylaminoethyl methacrylate (Sumerlin et al., 2003). This feature allows the synthesis 
of a wide range of narrowly dispersed polymers containing end or side chain functionality 
without the need for protection and deprotection. However, the rate of RAFTP often 
shows a marked retardation when compared to NMRP and ATRP (Edmondson et al., 
2004). Chain transfer agents are not commercially available and the final products are 
colored due to the carbonylthio end-groups.  
 
2.2.2.2 Surface-Initiated NMRP 
NMRP operates on the principle of reversible end-capping of propagating polymer chains 
by a stable nitroxide free radical (Hawker et al., 2001). The mechanism is shown in Figure 
2.5(a). Alkoxyamine initiators are a class of initiators for controlled/living free radical 
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polymerization. Nitroxide (such as 2,2,6,6-tetramethylpiperidinyloxy (TEMPO)) mediated 
polymerization works well for styrenic monomers, but poorly for other classes of 
monomers (Hawker et al., 1996). Many efforts have been made towards the development 
of universal nitroxides applicable to a wider range of monomers. Benoit et al. (1999) 
reported synthesis of a universal alkoxyamine initiator and demonstrated the ability to 
polymerize effectively a variety of styrene-, acrylate-, acrylamide- and acryonitrile-based 














Figure 2.5 (a) NMRP mechanism (Hawker et al., 1996) and (b) preparation of polystyrene 
brushes by surface-initiated NMRP (Husseman et al., 1999). 
 
For functionalization of silicon surfaces, polymer brushes were grafted on the native 
oxide-covered silicon surfaces via surface-initiated NMRP. Husseman et al. (1999) 
immobilized TEMPO initiators onto a silicon wafer by SAMs approach (Figure 2.5(b)). 
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However, the initial attempt to control the growth of polymer brushes was unsuccessful 
due to the extremely low surface-initiator concentration. It was found that addition of free 
alkoxylamine initiators to the polymerization solution can help control the polymerization. 
Polystyrene cleaved from the surfaces has a polydispersity of about 1.14, very close to that 
of the “free” polymer formed in the solution. Andruzzi et al. (2004) prepared flurorinated 
poly(styrene)-based block copolymer brushes on the silicon wafer by TEMPO-mediated 
radical polymerizations. The obtained polymer brushes were very stable towards surface 
reconstruction upon exposure to water. Although NMRP can be successfully used to 
produce low-polydispersity (1.1-1.2) materials with high molecular weight (>30000), a 
number of issues must be addressed. NMRP is generally conducted at higher temperature 
(>120oC) and such high temperature often destroys the properties of target substrate and 
materials (Hawker et al., 2001). It is highly desirable to extend the technique to other 
monomers, such as the methacrylate and vinyl acetate-based monomers.  
 
2.2.2.3 Surface-Initiated ATRP 
In recent years, ATRP has been the most widely employed technique for preparing 
polymer brushes via surface-initiated polymerization (Edmondson et al., 2004). ATRP is 
based on a copper halide/nitrogen-based ligand catalyst system (Wang and 
Matayjaszewski, 1995a). This method does not require stringent experimental conditions, 
as in the case of cationic and anionic polymerization. This controlled radical 
polymerization technique allows the polymerization and block-copolymerization of a wide 
range of functional monomers (such as styrene (Matayjaszewski et al., 1997) and acrylate-
based monomers (Davis et al., 1999; Matayjaszewski and Xia, 2001)) in a controlled 
fashion, yielding polymers with narrowly dispersed molecular weights. The drawback of 
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bulk ATRP at present is contamination of the final polymers by the catalyst. This property 
makes it necessary to purify the final products and may prohibit commercialization. 
Several methods are developed to remove catalyst, including the use of alumina column, 
ion-exchange resins and immobilization of catalyst on silica particle or polymeric supports 
(Matayjaszewski and Xia, 2001). However, such problems for surface-initiated ATRP are 
not obvious, because the catalyst complex is quite easily removed from the obtained 
polymer brushes by suitable solvent extraction. 
 
The proposed mechanism for ATRP is shown in Figure 2.6(a). The control over radical 
polymerization is based on two principles: initiation should be fast to provide a constant 
concentration of growing polymer chains and the majority of growing polymer chains are 
dormant species that still preserve the ability to grow because of the established dynamic 
equilibrium between dormant species and growing radicals (Wang and Matayjaszewski, 
1995b). By keeping the concentration of active species or propagating radicals sufficiently 
low throughout the polymerization process, termination can be suppressed. For ATRP, the 
catalyst complex establishes a reversible equilibrium between growing radicals (active 
species) and dormant species. When the concentration of propagating radicals is 
sufficiently low in comparison to the dormant species, the proportion of terminated chains, 
Pm+c, often can be neglected (<5%). This nature enables the preparation of highly 
functional polymer chains (>95%). The produced polymers can be used further to obtain 


















Figure 2.6 (a) ATRP mechanism (Matayjaszewski and Xia, 2001) and (b) preparation of 
polymer brushes by surface-initiated ATRP of methacrylate-based monomers (Senaratne 
et al., 2005). 
 
 
At the beginning of ATRP, a sufficient concentration of the deactivating Cu(II) complex is 
necessary to quickly establish an equilibrium between the dormant and active chains. If 
this equilibrium is not controlled properly, the process resembles that of conventional 
redox-initiated radical polymerization. For surface-initiated ATRP, the initiator 
concentration on a surface is extremely low, compared to that for ATRP carried out in the 
bulk or solution. Cu(II) complex can be  obtained by  the reaction of Cu(I) complex with 
the initiator, or by addition of the complex at the beginning stage of ATRP 
(Matyjaszewski et al., 1999). So the addition of free (sacrificial) initiators or excess 
deactivating Cu(II) complex (CuCl2 or CuBr2) is usually chosen to ensure the presence of 
a sufficient amount of deactivator and to control the equilibrium between the dormant and 
the active chains during surface-initiated ATRP. In the first approach where free sacrificial 
initiators are added, the molecular weight of free polymers serves as a measure of the 
molecular weight and polydispersity of the polymers grown on the surface (Ejaz et al., 
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1998). However, this approach possesses an inherent limitation to the maximum thickness 
of the obtained polymer brushes, because most of the monomers are consumed by the 
homopolymerization in solution. The second method in which excess deactivating Cu(II) 
complex are added can the growth of thicker polymer brushes, as the brush growth can 
proceed at a much faster rate (Jeyaprakash et al., 2002). 
 
There are a number of reports on the preparation of well-defined polymer brushes via 
surface-initiated ATRP on various substrates (Matyjaszewski et al., 1999; Mori et al., 
2001; Ejaz et al., 2002; Zhao and He, 2003; Edmondson and Huck, 2004). For the case of 
functionalized silicon surface, most studies of polymer brushes prepared via surface-
initiated ATRP focus on the native oxide-terminated silicon surfaces. The generalized 
scheme of surface-initiated ATRP from silicon surfaces is shown in Figure 2.6(b) 
(Senaratne et al., 2005). Ejaz et al. (1998) immobilized 2-(4-chlorosulfonylphenyl) 
ethyltrimethoxylsilane onto a silicon wafer and prepared PMMA brushes with a high 
grafting density. Matyjaszewski et al. (1999) prepared homopolymer and block copolymer 
brushes from silicon surfaces in the absence of sacrificial initiators.  Mori et al. (2001) 
described a method for surface grafting of hyperbranched polymers via self-condensing 
ATRP from silicon surfaces. Edmondson and Huck (2004) reported a detailed study on the 
controlled growth and subsequent chemical modification of poly(glycidyl methacrylate) 
brushes from silicon wafers. However, it should be noted that these polymer brushes 
grown from the native oxide-terminated silicon surfaces were linked by Si-O-SiR bonds to 
the silicon surfaces. As mentioned in Section 2.1.1, these bonds are thermally labile and 
susceptible to hydrolytic cleavage (Calistri et al., 1996; Sieval et al., 2001). Only one 
report described the preparation of more robust Si-C bonded polymer brushes from the Si-
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H surfaces (Yu et al., 2003). The initiators were immobilized on the Si-H surfaces in three 











Figure 2.7 Preparation of Si-C bonded polymer brushes by surface-initiated ATRP from 
Si-H surfaces (Yu et al., 2004). 
 
 
2.2.3 Patterned Polymer Brushes 
Polymer brushes are well-suited for the fabrication of patterned arrays, as they allow 
control over chemical functionality and physical morphology. These characteristics make 
patterned polymer brushes important to the development of biochips, microarrays, 
microdevices for the regulation of cell-growth, protein adsorption and drug delivery. They 
can also be used as scaffolds for tissue enigneering (Werne et al., 2003; Iwata et al., 2004; 
Lan et al., 2004; Tu et al., 2004). A variety of techniques, including microlithography 
(Zhao and Brittain, 2000; Chen et al., 2005) and chemical amplification of patterned 
monolayers from self-assembly (Ahn et al., 2004; Brack et al., 2004), have been developed 
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for fabricating patterned polymer brushes. Many studies have demonstrated that surface-
initiated living radical polymerizations can be used in microlithography and chemical 
amplification of patterned initiator monolayers on silicon surfaces (Shah et al., 2000; Zhao 
and Brittain, 2000; Iwata et al., 2004; Tu et al., 2004; Andruzzi et al., 2005). Although 
significant progress has been made in the preparation of precisely patterned polymer 
brushes with controlled chain lengths, patterned arrays with control over chemical 
functionalities and shapes are getting to be studied in greater detail. 
 
2.3 Polymer Brushes in Biotechnology 
Polymer brushes have attracted considerable attention as surface-active materials in 
biotechnology. For example, thermo-responsive poly(N-isopropylacrylamide) or 
P(NIPAAm) brushes can be used to control cell adhesion and protein separation (Kaholek 
et al., 2004a; 2004b). Polymer brushes with a broad range of functional groups, such as 
hydroxyl (Guan et al., 2000) and epoxy (Yu et al., 1999) groups, can provide the 
opportunity for further functionalization of the grafted surfaces through coupling reactions 
with biomacromolecules to endow the substrates with desired properties, such as control 
of cell adhesion and biocompatibility. The applications of polymer brushes in cell 
adhesion and biomacromolecule immobilization are discussed in details below.  
 
2.3.1 Cell Adhesion 
Cell adhesion plays an important role in key cellular processes that include cell-cell 
recognition, maintenance of cell contacts, cell signaling, information transfer, and cell 
migration. Cell-surface interactions are very complex. However, it is well-known that 
substrate surface chemistry and topography can affect cell behaviors (Senaratne et al., 
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2005). Cell adhesion onto solid substrates depends on many factors, including specific and 
nonspecific interactions (such as receptor-ligand, electrostatic van der Waals, and 
hydrophobic interactions), surface energy, surface hydrophilicity, surface chemical 
composition, charge, protein adsorption, and surface roughness (Cooper and Peppas, 
1982). 
 
Poly(ethylene glycol) (PEG), poly(2-hydroxyl methacrylate) (P(HEMA)), and 
P(NIPAAm)-containing polymer brushes have attracted considerable attention as surface-
active materials for controlling cell adhesion (Higashi et al., 1999; Cunliffe et al., 2003; 
Akiyama et al., 2004; Nie et al., 2004; Mei et al., 2005; Xu et al., 2005). PEG possesses 
many unique physical and biochemical properties, such as non-toxicity, non-
immunogenicity, non-antigenicity, excellent biocompatibility, and miscibility with many 
solvents (Zhang et al., 2001; Li and Kao, 2003; Chen et al., 2004a; Seal and Panitch, 2004; 
Lan et al., 2005). Most important of all, PEG has been shown to exhibit good anti-fouling 
properties for a variety of proteins (Zhang et al., 2001; Higuchi et al., 2003), suppress 
platelet adhesion for prevention of thrombus formation (Higuchi et al., 2003; Li et al., 
2003), and reduce cell attachment and growth (Lopez et al., 1993; Zhang et al., 1998; Lan 
et al., 2005). Therefore, PEG and its derivatives are finding an ever-expanding range of 
biomedical applications. 
 
Poly(2-hydroxyethyl methacrylate) (P(HEMA)) is another attractive biomaterial because 
of its excellent biocompatibility and physical properties similar to those of living tissues. 
It also has high chemical and hydrolytic stability, and good tolerance for entrapped cells 
(Mokry et al., 2000; Brahim et al., 2003; Marek et al., 2004). These unique characteristics 
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have made P(HEMA) one of the most extensively studied materials in tissue engineering 
(Tse et al., 1996; Babensee and Sefton, 2000; Lahooti and Sefton, 2000; Fleeming and 
Seeton, 2003). However, hydrophilic P(HEMA) surface is unfavorable to cell adhesion 
(Babensee and Sefton, 2000; Lahooti and Sefton, 2000). Modification of P(HEMA), either 
by copolymerizing with a more hydrophobic species, such as poly(methyl methacrylate) 
(Fleeming and Seeton, 2003), or by immobilizing cell-adhesive proteins or oligopeptides, 
such as the arinine-glycine-aspartic acid sequence (Jen et al., 1996), is required for cell 
attachment to this hydrophilic polymer. The modified P(HEMA) with good cell-adhesion 
properties can act as a scaffold or template for directing the proliferation and migration of 
attached cells. Thus, P(HEMA)-containing polymer brushes are often used for controlling 
cell adhesion (Mei et al., 2005).   
 
Surfaces with grafted thermoresponsive polymers have been widely utilized for regulating 
cell adhesion and detachment (Akiyama et al., 2004) and for non-invasive recovery of 
cultured cells without enzyme addition (Schmaljohann et al., 2003; Cho et al., 2004). 
P(NIPAAm) is a well-known thermoresponsive polymer and exhibits a lower critical 
solution temperature (LCST) of about 32oC in an aqueous medium. It assumes a random 
coil structure (hydrophilic state) below the LCST and a collapsed globular structure 
(hydrophobic state) above the LCST (Schmaljohann et al., 2003; Kizhakkedathu et al., 
2004). Because of this unique property, P(NIPAAm) has been widely used in the synthesis 
of stimuli responsive materials and applied to cell culture in tissue engineering (Okano et 
al., 1995; Hirose et al., 2000). Various cells can adhere, spread, and proliferate at 37oC on 
the hydrophobic P(NIPAAm)-modified surfaces. However, at temperatures below the 
LCST of P(NIPAAm), the cultured cells can detach spontaneously from the hydrophilic 
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surfaces without enzymatic digestion. Well-defined P(NIPAAm) brushes have also been 
successfully prepared via surface-initiated ATRP (Edmondson et al., 2004; Kaholek et al., 
2004b; Kizhakkedathu et al., 2004).  
 
Silicon-based biomedical microdevices play an important role in biomedical engineering 
and biotechnology (Zhang et al., 1998; Szili et al., 2004). It is of great importance to 
improve the biocompatibility of the silicon microdevices and to develop silicon surfaces 
with controllable cell adherence. In addition, it has been of great interest in biomedical 
research to design and synthesize ‘environmentally responsive materials’ that change their 
physicochemical properties in response to external stimuli (Kim et al., 2003). The grafted 
PEG, P(HEMA) or P(NIPAAm) are useful as surface adhesion modifiers, active drug 
targeting devices, biochemically triggered actuators or valves, tissue engineering, and 
supports for cell culture. 
 
2.3.2 Biomacromolecule Immobilization 
The immobilization of physiological active biomacromolecules on substrates can provide 
the substrate surfaces with an ability to interact specifically with biological systems. 
Useful biomacromolecules that can be immobilized include proteins, polysaccharides, and 
nucleic acids. Among these immobilized macromolecules, proteins (such as enzyme and 
collagen) and polysaccharides (such as heparin) with specific functionality are of crucial 
importance to the development and design of biosensors, biochips, biomedical devices, 




Enzyme immobilization offers convenience in handling and effectiveness in separation 
during application (Tischer and Wedekind, 1999). During the past decades, numerous 
methods for enzyme immobilization on various matrixes, such as adsorption, 
encapsulation, layer-by-layer deposition, cross-linking, and covalent linkage, have been 
developed in conjunction with the design of biosensing devices (Ogawa et al., 2002; Tiller 
et al., 2002; Cen et al., 2003; Shi et al., 2003; Gulla et al., 2004; Liu et al., 2004). The 
covalent binding method has been the most thoroughly investigated, as well as the most 
widely used, since the strong binding leads to excellent stability of the immobilized 
enzymes and absence of release into the solution even in solutions of high ionic strength. 
Among the immobilized enzymes, glucose oxidase (GOD) is well-explored as a biological 
sensing material for the quantitative determination of β-D-glucose in liquids because of its 
specificity (Liu et al., 2004; Suzuki et al., 2004). For the GOD catalyzed glucose oxidation 
process, the general reaction mechanism is as follows (Cen et al., 2003; Liu et al., 2004): 
Glucose + GO(FAD)→Gluconolactone + GO(FADH2) and GO(FADH2) + O2→ GO(FAD) 
+ H2O2, where GO(FAD) and GO(FADH2) represent the oxidized and reduced forms of 
GOD, respectively. A number of matrices, such as polymeric film and grafted conducting 
polymers, have been used for GOD immobilization in the development of various types of 
glucose biosensors (Malitesta et al., 1990; Liu et al., 2004; Suzuki et al., 2004). Polymer 
brushes can provide both the functional groups for binding the enzymes (Cen et al., 2003; 
Liu et al., 2004) and a spacer between the substrate surfaces and the enzyme molecules for 
improving the spatial reactions of the immobilized enzymes (Wang and Hsiue, 1993; 




Another important biomacromolecule, collagen (the primary structural material of 
vertebrates), has been widely used in scaffolds for tissue engineering (Hiraoka et al., 2003; 
Chen et al., 2004b). Collagen plays an important role in the formation of tissues and 
organs, and is involved in a number of functional expressions of cells (Lee et al., 2001; 
Chen et al., 2004b). Collagen exhibits good cell adhesion, biodegradability, weak 
antigenecity and superior biocompatibility in tissue replacement and wound healing (Lee 
et al., 2001; Cheng and Teoh, 2004). However, collagen-based systems do not have good 
mechanical strength (Brinkman et al., 2003; Cheng and Teoh, 2004). Synthetic polymers 
are commonly employed in tissue engineering because of their remarkable mechanical 
properties and processability (Cheng and Teoh, 2004). Collagen has been widely used in 
combination with the surface-grafted synthetic polymer to improve its stability and the 
cell adhesion properties of the substrates (Zhu et al., 2002; Cheng and Teoh, 2004; Ma et 
al., 2005). 
 
Polysaccharides have been investigated extensively as biologically active species 
immobilized on material surfaces to elicit receptor-specific responses from particular 
systems. Of the polysaccharides, heparin is a well-studied member. Heparin is a 
negatively charged natural-occurring linear polysaccharide chain composed mainly of 
repeat units of sulfonated glucuronic acid and glucosamine derivatives (Jee et al., 2004; 
Park et al., 2004; Bertini et al., 2005).  Blood- or tissue-compatible surfaces have been of 
great interest in the development of biomedical devices (Li et al., 2003; Lan et al., 2005). 
When a foreign device is exposed to blood or biological fluid, the adsorption of plasma 
proteins activates clotting factors and triggers platelet adhesion, leading to thrombosis 
formation (Zhang et al., 2001; Higuchi et al., 2003; Lin et al., 2004). It is the device 
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surface that first comes into contact with blood or living tissues. Thus, it is of great 
importance to modify the device surface with functional biomolecules to suppress protein 
adsorption, and to prevent thrombogenesis and foreign body response. Heparin, as the 
most widely used blood anticoagulant, possesses a number of biological functions, such as 
anticoagulant activity, cell growth stimulation, and antivirus and plasma clearing ability 
(Li et al., 2003; Cen et al., 2004; Kidane et al., 2004). Heparin’s role as an anticoagulant is 
to catalytically enhance the binding of antithrombin III (ATIII) and thrombin (TB) to its 
specific sites. The bound ATIII then reacts with the bound TB to inhibit blood coagulation 
(Seal and Panitch, 2003; Lin et al., 2004). The old practice of heparin immobilization via 
electrostatic interaction (Ito et al., 1986; Olsson et al., 2000) has been replaced by covalent 
immobilization. This process has the advantages of being more permanent and providing 
long-term stability to the immobilized heparin (Liu et al., 1991; Wirsen et al., 1996; Bae et 
al., 1999; Kim et al., 2000; Ohrlander et al., 2003). Heparin has often been coupled with 
grafted polymers (such as poly(N,N-dimethylacrylamide)-b-poly(N-[3-(dimethylamino) 
propyl]acrylamide) (Nakayama and Matsuda, 1999), PEG (Kang et 2001; Li et al., 2003) 
and poly(vinyl alcohol) (Li et al., 2004)) to improve blood compatibility of the substrate 
surfaces. There have been a number of studies in which heparin has been immobilized on 
a variety of surfaces using a grafted PEG spacer (Nojiri et al., 1990). Heparin 
immobilization via a PEG spacer has been demonstrated to enhance its bioactivity relative 
to direct immobilization (Park et al., 1992; Byun et al., 1996; Bae et al., 1999; Kim et al., 





SURFACE-ACTIVE AND STIMULI-RESPONSIVE POLYMER-SI(100) 
HYBRIDS FROM SURFACE-INITIATED ATOM TRANSFER 





As mentioned in Section 2.2.2, relatively few studies have been devoted to the more 
robust Si-C bonded polymer brushes from the Si-H surfaces where the initiators were 
immobilized on the Si-H surfaces in multiple steps (Yu et al., 2003). In addition, it is of 
great importance to improve the biocompatibility of the silicon microdevices and to 
develop silicon surfaces with controllable cell adherence (see Section 2.3.1). In this 
chapter, a simple two-step method is presented for the covalent immobilization of ATRP 
initiator on the Si-H surface. Well-defined functional polymer-Si hybrids, consisting of 
covalently tethered brushes of poly(ethylene glycol) monomethacrylate (PEGMA) 
polymer (P(PEGMA)), NIPAAm polymer (P(NIPAAm)), and NIPAAm-PEGMA 
copolymers on Si-H surfaces, were prepared via surface-initiated ATRP. As mentioned in 
Section 2.3.1, PEG and P(NIPAAm) have unique properties in controlling cell adhesion. 
Thus, incorporating P(PEGMA) or P(NIPAAm) onto silicon surfaces may endow silicon 
substrates with new and interesting properties for applications in biomedical microdevices. 
The chemical composition, cell adhesion and detachment characteristics, and topography 
of the modified silicon surfaces were characterized by X-ray photoelectron spectroscopy 










3.2 Experimental Section 
3.2.1 Materials  
(100)-Oriented single crystal silicon, or Si(100) wafer,  with a thickness of about 1.5 mm 
and a diameter of 150 mm, were purchased from Unisil Co. of Santa Clara, CA. The as-
received wafers were polished on one side and doped lightly as n-type. The silicon wafers 
were sliced into square chips of about 1.2 cm × 1.2 cm in size. In order to remove the 
organic residues on the surface, the silicon substrate was washed with the “piranha” 
solution, consisting of 98 wt% concentrated sulfuric acid (70 vol%) and hydrogen 
peroxide (30 vol%) (Caution: piranha solution reacts violently with organic materials 
and should be handled carefully!). After rinsing with copious amounts of doubly 
distilled water, the silicon chips were dried at 70ºC in a vacuum oven for 2 h. Hydrofluoric 
acid (HF) (37 wt%), 4-vinylaniline (VAn), 2-bromoisobutyrate bromide, 1,1,4,7,10,10,-
hexamethyltriethyenetetramine (HMTETA), copper(I) bromide, copper(П) bromide, 
PEGMA macromonomer (Mn~360), NIPAAm and anhydrous dimethysulfoxide (DMSO) 
were obtained from Aldrich Chemical Co. of Milwaukee, WI. PEGMA was passed 
through a silica gel column to remove the inhibitor, and stored under an argon atmosphere 
at -10oC. 
 
3.2.2 Immobilization of ATRP Initiators on the Si-H Surface 
The pristine (oxide-covered) silicon chips were immersed in 10 vol% HF in individual 
Teflon® vials for 2 min to remove the oxide film and to leave behind a uniform H-
terminated Si(100) surface (the Si-H surface). As shown schematically in Figure 3.1, 
immobilization of the ATRP initiators on the Si-H surface was carried out in two steps: (1) 
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UV-induced coupling of VAn with the Si-H surface to give rise to the Si-VAn surface and 
(2) reaction of the amine functional group of the covalently bonded VAn on the Si-VAn 































































Figure 3.1 Schematic diagram illustrating the processes of UV-induced coupling of VAn 
on the Si-H surface to give rise to the Si-VAn surface, reaction of the Si-VAn surface with 
2-bromoisobutyrate bromide to give rise to the Si-VAn-Br surface, and surface-initiated 
ATRP on the Si-VAn-Br surface. 
 
For the UV-induced coupling reaction on the Si-H surface, a small amount of 50 wt% N-
methylpyrrolidinone (NMP) solution of VAn was introduced onto the freshly prepared Si-
H surface. The Si-H chip was sandwiched between two quartz plates and a uniform thin 
liquid film of VAn formed on the Si-H surface. The assembly was placed in a Pyrex® tube 
filled with argon, and subjected to UV irradiation for 30 min in a Riko RH400-10W rotary 
photochemical reactor (manufactured by Riko Denki Kogyo of Chiba, Japan). The reactor 
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was equipped with a 1000 W high-pressure Hg lamp and a constant-temperature bath. All 
UV-induced reactions were carried out at a constant temperature of 28℃ . After UV 
irradiation, the silicon substrate assembly was rinsed thoroughly with NMP, followed by 
soaking in an excess amount of NMP for 5 h. It was finally washed with copious amounts 
of ethanol to remove the residual NMP. The VAn-coupled Si-H (Si-VAn) substrate was 
then dried by pumping under reduced pressure. For the preparation of the Si-VAn-Br 
surface, the Si-VAn chip was introduced into 2 ml of dried pyridine, followed by addition 
of 1 ml of 2-bromoisobutyryl bromide. The reaction mixture was gently stirred for 2 h at 0
℃, and then at room temperature for 3 h. The silicon substrate (the Si-VAn-Br substrate) 
was removed and washed repeatedly with an ethanol/water (1:1) mixture. The substrate 
was then dried by pumping under reduced pressure. 
 
3.2.3 Surface-Initiated ATRP of PEGMA and NIPAAm 
For the preparation of  PEGMA polymer (P(PEGMA)) brushes on the Si-VAn-Br surface, 
PEGMA (4.72 ml, 14.5 mmol), CuBr (20.80 mg, 0.145 mmol), CuBr2 (6.48 mg, 0.029 
mmol)  and HMTETA (80 μl, 0.29 mmol) were added to 3 ml of water in a Pyrex® tube. 
The reaction mixture was stirred and degassed with argon for 30 min.  The Si-VAn-Br 
substrate was then introduced into the reaction mixture. The reaction tube was sealed and 
kept in a 40oC water bath for a pre-determined period of time. After the reaction, the 
silicon substrate with surface grafted P(PEGMA) (the Si-g-P(PEGMA) substrate) was 
removed from the reaction mixture and washed thoroughly with an excess amount of 
doubly distilled water. The substrate was dried by pumping under reduced pressure. For 
the preparation of the P(NIPAAm) brushes on the Si-VAn-Br surface, NIPAAm (1.64 g, 
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14.5 mmol), CuBr (20.80 mg, 0.145 mmol), CuBr2 (6.48 mg, 0.029 mmol) and HMTETA 
(80 μl, 0.29 mmol) were added to 3 ml of DMSO in a Pyrex® tube. The reaction mixture 
was stirred and degassed with argon for 30 min. The Si-VAn-Br substrate was introduced 
into the reaction mixture. The reaction tube was sealed and kept in a 40oC water bath for a 
pre-determined period of time. After the reaction, the silicon substrate with surface grafted 
P(NIPAAm) (the Si-g-P(NIPAAm) surface) was removed from the reaction mixture and 
washed thoroughly with copious amounts of DMSO and doubly distilled water. The 
substrate was dried by pumping under reduced pressure. 
 
Rapid detachment of cultured cells from substrates is very important in fabricating 
functional tissue-mimicking structures. The rate-limiting step to cell substrate recovery is 
the hydration of the underlying P(NIPAAm) grafted on the surface (Kwon et al., 2003). 
The introduction of PEG units into P(NIPAAm) grafted surfaces could lead to more rapid 
hydration of the cell culture surfaces (Kaneko et al, 1998; Kwon et al., 2003). In the 
present work, PEGMA was copolymerized with NIPAAm on the silicon surface. For the 
preparation of copolymer brushes on the Si-VAn-Br surface, the reaction mixture 
consisted of [NIPAAm (containing a pre-determined amount of PEGMA)]:[CuBr]: 
[CuBr2]:[HMTETA] = 100:1:0.2:2 in 3 ml of DMSO in a Pyrex® tube. After degassing 
and introduction of the Si-VAn-Br substrate, the reaction was allowed to proceed at 40oC 






3.2.4 Surface Characterization 
The chemical composition of the modified silicon surfaces was determined by XPS. The 
XPS measurements were performed on a Kratos AXIS HSi spectrometer using a 
monochromatized Al Kα X-ray source (1486.6 eV photons) at a constant dwell time of 
100 ms and a pass energy of 40 eV. The samples were mounted on the standard sample 
studs by means of double-sided adhesive tape. The core-level signals were obtained at a 
photoelectron take-off angle (α, measured with respect to the sample surface) of 90º. The 
X-ray source was run at a reduced power of 150 W (15 kV and 10 mA). The pressure in 
the analysis chamber was maintained at 1.33 × 10-8 Pa or lower during each measurement. 
All binding energies (BE’s) were referenced to the C1s hydrocarbon peak at 284.6 eV. In 
peak synthesis, the line width (full width at half-maximum, or fwhm) for the Gaussian 
peaks was maintained constant for all components in a particular spectrum. Surface 
elemental stoichiometries were determined from the sensitivity factors-corrected spectral 
area ratios, and were reliable to within ±5%. The elemental sensitivity factors were 
calibrated using stable binary compounds of well-established stoichiometries.  
 
The static water contact angles of the pristine and functionalized Si-H surfaces were 
measured at 25oC and 60% relative humidity, using the sessile drop method with a 3µL 
water droplet, in a telescopic goniometer (Rame-Hart model 100-00-(230), manufactured 
by the Rame-Hart, Inc., Mountain Lakes, NJ.). The telescope with a magnification power 
of 23× was equipped with a protractor of 1o graduation. For each angle reported, at least 
three measurements from different surface locations were averaged. The angle reported 
was accurate to ±3o. The thickness of the polymer brushes grafted on the silicon substrate 
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was determined by ellipsometry. The measurements were carried out on a variable angle 
spectroscopic ellipsometer (model VASE, J.A. Woollam Inc., Lincoln, NE) at incident 
angles of 70o and 75o in the wavelength range 200-1000 nm. For each sample, the 
thickness measurements were made on at least four different surface locations. Each 
thickness value reported was accurate to ±1 nm. Data were recorded and processed using 
the WVASE32 software package. The topography of the modified silicon surfaces was 
studied by atomic force microscopy (AFM), using a Nanoscope IIIa AFM from Digital 
Instruments Inc. In each case, an area of 5 × 5 µm square was scanned using the tapping 
mode. The drive frequency of the equipment, with the voltage between 3.0-4.0 V, was 
330±50 kHz. The drive amplitude was about 300 mV and the scan rate was 0.5-1.0 Hz. 
The arithmetic mean of the surface roughness (Ra) reported was calculated from the 
roughness profile determined by AFM.  
 
3.2.5 Cell Culture on the Functionalized Silicon Surfaces 
The cell adhesion and detachment characteristics of the functionalized silicon surfaces 
were assessed by optical microscopy. For the cell culture on the pristine and surface-
modified silicon substrates, the substrates were washed twice with phosphate buffered 
saline (PBS, pH 7.4) solution, and then sterilized for about 1 h by UV irradiation, prior to 
being placed into the wells of a 24-well culture plate. 3T3 fibroblasts (ATCC, Passage 27) 
were seeded into the wells at a density of 1×104 cells/well and incubated (in 1 ml 
Dulbecco's modified eagle media (DMEM) supplemented with 10% fetal bovine serum, 1 
mM L-glutamine, and 100 U/ml penicillin) at 37oC for two days under a humidified 5% 
CO2 atmosphere. For the study of cell adhesion on the various silicon surfaces, the 
surfaces, after 2 days of incubation, were washed twice with the 37oC PBS solution to 
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remove the loosely attached cells. Fixation by 4% glutaraldehyde for 2 h and dehydration 
in a series of ethanol aqueous solutions (50%-100%) were carried out. All the operations 
were carried out in the 37oC incubator. For the study of cell detachment from the 
functionalized silicon surfaces, the substrates, after 2 days of incubation at 37oC, were 
subjected to low temperature treatments as follows. The medium was replaced by a 20oC 
medium and the substrates were transferred to an incubator equipped with a cooling unit 
fixed at 20oC. After a pre-determined incubation time at 20oC, the substrates were then 
transferred to the 37oC incubator again and the medium was replaced by the 37oC 
medium simultaneously. The same washing and fixation procedures were then carried out 
in the 37oC incubator as described above for the cell adhesion studies. The cell 
immobilized silicon surfaces were imaged by the Olympus BX51M optical microscope 















3.3 Results and Discussion 
The processes of UV-induced coupling of VAn on the Si-H surface to give rise to the Si-
VAn surface, reaction of the Si-VAn surface with 2-bromoisobuyrate bromide to give rise 
to the Si-VAn-Br surface, and surface-initiated ATRP on the Si-VAn-Br surface are 
shown schematically in Figure 3.1. The details of each process are discussed below. The 
use of Si-H surfaces, instead of Si/SiO2 surfaces, allowed the preparation of true polymer-
Si hybrids with robust Si-C linkages. 
 
3.3.1 Immobilization of the ATRP Initiator on the Si-H Surface 
Two peak components at the binding energies (BE’s) of about 99 and 103 eV, attributable 
to the Si-Si and Si-O species (Moulder et al., 1992), respectively, are observed in the XPS 
Si 2p core-level spectrum of the pristine (oxide-covered) silicon surface (Figure 3.2(a’)). 
To obtain the Si-H surface, the pristine Si(100) wafer was treated with dilute HF to 
remove the native oxide layer. No oxidized silicon species in the BE region of 101-103 eV 
was detected in the Si 2p spectrum of the substrate after the HF treatment (Figure 3.2(a)). 
Furthermore, no O 1s signal is discernible in the wide scan spectrum of the Si-H surface 
(Figure 3.2(b)). These results confirm that the Si-H surface is predominantly hydrogen-
terminated (Sieval et al., 2000; Buriak, 2002; Yu et al., 2003). As shown in Figure 3.1, the 
immobilization of the ATRP initiators on the Si-H surface was carried out in two steps: (1) 
UV-induced coupling of 4-vinylaniline (VAn) with the Si-H surface and (2) reaction of 
the amine (-NH2) group of the tethered VAn with 2-bromoisobutyrate bromide. For the 
























Figure 3.2 (a, b) Si 2p core-level and wide scan spectra of the Si-H surfaces, (c, d) N1s 
core-level and wide scan spectra of the Si-VAn surface, and (e, f) Br 3d core-level and 
wide scan spectra of the Si-VAn-Br surface. Inset (a’) shows the Si 2p core-level spectra 
of the pristine Si(100). 
 
 
Figures 3.2(c,d) show the corresponding N 1s core-level and wide scan spectra of the Si-
VAn surface after the Si-H surface has been subjected to UV irradiation for 30 min in the 
presence of VAn. For the N 1s core-level spectrum, it comprises a major peak component 
at the binding energy of about 399.4 eV, attributable to the amine (-NH2) species of the 
VAn monolayer (Moulder et al., 1992). The two N 1s peak components at the lower 
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binding energies suggest the presence of the Si-N bonded species, –C6H4–NSi2 and –
C6H4–NHSi (Xu et al., 2004). The appearance of an O 1s signal in the wide scan spectrum 
of the Si-VAn surface (Figure 3.2(d)) suggests that the silicon surface has been oxidized to 
some extent during the UV-induced coupling of VAn. The NH2 moiety of the immobilized 
VAn is used for the subsequent reaction with 2-bromoisobutyrate to give rise to the Si-
VAn-Br surface. Figures 3.2(e,f) show the Br 3d core-level (consisting of Br 3d5/2 and Br 
3d3/2 peak components at the binding energies of about 68.8 and 69.8 eV, respectively) 
and wide scan spectra of the Si-VAn-Br surface. From the comparison of the wide scan 
spectra in Figures 3.2(d,f), it is obvious that the relative intensities of the C 1s and O 1s 
signals on the Si-VAn-Br surface have increased. The above results confirm that 2-
bromoisobutyrate has been successfully immobilized on the Si-VAn surface to cater for 
the subsequent surface-initiated ATRP. 
 
3.3.2 Surface-Initiated ATRP from the Si-VAn-Br Substrate 
The method of addition of the Cu(II) complex (CuBr2) (see Section 2.2.2.3) was chosen to 
control the surface-initiated ATRP of PEGMA or NIPAAm on the Si-VAn-Br surface. 
The ratio of [PEGMA or NIPAAm]:[CuBr]:[CuBr2]:[HMTETA] was controlled at 
100:1:0.2:2. Figure 3.3 shows the C 1s and N 1s core-level spectra of (a, b) the Si-g-
P(PEGMA) surface and (c, d) the Si-g-P(NIPAAm) surface, obtained at an ATRP time of 
2 h. The C 1s core-level spectrum (Figure 3.3(a)) of the Si-g-P(PEGMA) surface can be 
curve-fitted with three peak components with binding energies at about 284.6, 286.2 and 
288.7 eV, attributable to the C-H, C-O, and O=C-O species, respectively (Moulder et al., 
1992).  The disappearance of the N 1s signal (Figure 3.3(b)) indicates that the thickness of 
the grafted P(PEGMA) monolayer has exceeded the sampling depth of the XPS technique 
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(about 7.5 nm in an organic matrix (Tan et al., 1993)). The C 1s core-level spectrum 
(Figure 3.3(c)) of the Si-g-P(NIPAAm) surface can be curve-fitted with four peak 
components with binding energies at about 284.6, 285.7, 286.2 and 287.5 eV, attributable 
to the C-H, C-N, C-O, and N-C=O species, respectively (Moulder et al., 1992).  The C-O 
species probably has resulted from surface oxidation or hydrolysis of the P(NIPAAm) 
chains. From the comparison of the N 1s core-level spectra in Figure 3.3(d) and Figure 
3.2(c), it is obvious that the N 1s signal for the Si-g-P(NIPAAm) surface is dominated by 
the amide species, as indicated by the large increase in intensity of the N 1s signal at the 
binding energy of about 399.4 eV, and the appearance of the corresponding amide (N-
C=O) component in the C 1s core-level spectrum (Figure 3.3(c)). 
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Figure 3.3 C 1s and N 1s core-level spectra of the (a, b) Si-g-P(PEGMA) and (c, b) Si-g-




The chemical compositions of the Si-g-P(PEGMA) and Si-g-P(NIPAAm) surfaces, 
prepared at the ATRP time of 0.5, 2.0, and 12 h, are summarized in Table 3.1. The [O=C-
O]:[C-O] ratios for the Si-g-P(PEGMA) surfaces and the [N]:[C] ratios for the Si-g-
P(NIPAAm) surfaces are in fairly good agreement with their respective theoretical ratios. 
The XPS results, thus, indicate that PEGMA and NIPAAm have been successfully graft 
polymerized on the Si-VAn-Br surface via surface-initiated ATRP. For the Si-g-
P(NIPAAm) surface at low P(NIPAAm) coverage (Sample iv, Table 3.1), the N signal 
from the underlying VAn monolayer may account for the slight deviation in the [N]:[C] 
ratio of this Si-g-P(NIPAAm) surface, because the grafted P(NIPAAm) layer (about 3 nm) 
on the silicon surface is less than  the sampling depth of the XPS technique. 
 
Table 3.1 Chemical composition, layer thickness, and static water contact angle of the 
graft-polymerized silicon surfaces. 




(± 1 nm) 
Static water contact
angle (±3o)c 
i 0.5 1.2:7.5 (1.0:7.5) 8 46 
ii 2.0 1.0:7.5 (1.0:7.5) 25 44 Si-g-P(PEGMA)d 
iii 12.0 1.1:7.5 (1.0:7.5) 76 48 
iv 0.5 0.92:6.0 (1.0:6.0) 3 60 
v 2.0 1.1:6.0 (1.0:6.0) 11 61 Si-g-P(NIPAAm)e 
vi 12.0 0.98:6.0 (1.0:6.0) 31 58 
 
aDetermined from the XPS curve-fitted C1s core-level spectra for the Si-g-P(PEGMA) surfaces and from the 
sensitivity-factor corrected N 1s and C 1s core-level spectral area ratio for the Si-g-P(NIPAAm) surfaces. 
Values in parentheses are the theoretical ratios. 
bThe thickness of the monolayer on the Si-VAn-Br surface after immobilization of the 2-bromo-isobutyrate 
was about 1 nm. 
cStatic water contact angles for the pristine (oxide-covered) Si(100), Si-H, Si-VAn, and Si-VAn-Br surfaces 
are about 20o, 72o, 65o, and 87o, respectively. 
d[PEGMA]:[CuBr]:[CuBr2]:[HMTETA] = 100:1:0.2:2 in deionized water at 40oC. 
e[NIPAAm]:[CuBr]:[CuBr2]:[HMTETA] = 100:1:0.2:2 in DMSO at 40oC. 
 
As shown in Table 3.1, the variation in static water contact angles for the functionalized 
silicon surfaces suggests that the hydrophilicity of the silicon surfaces can be readily tuned. 
The static water contact angles of the pristine Si(100), Si-H, Si-VAn, and Si-VAn-Br 
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surfaces  are about 20o, 72o, 65o, and 87o, respectively. When the silicon surface was 
grafted with a P(PEGMA) layer, the water contact angle decreases to about 48o. In the 
presence of a grafted P(NIPAAm) layer, the silicon surface is less hydrophilic, and a 
contact angle of about 60o is obtained. 
 
The kinetics of P(PEGMA) and P(NIPAAm) growth from the Si-VAn-Br surfaces via 
ATRP was investigated. An approximately linear increase in thickness of the grafted 
P(PEGMA) and P(NIPAAm) layers on the Si-VAn-Br surfaces with polymerization time 
is observed, as shown by line (a) and line (b), respectively, in Figure 3.4. The results 
suggested that the chain growth from the functionalized silicon surface was consistent 
with a ‘controlled’ process. The initial rapid rate of surface-initiated ATRP may become 
diffusion-controlled at large ATRP time. Chain termination on the surface, followed by 
bimolecular coupling or disproportion reactions that consume the active chains, may also 
become important with the increase in ATRP time. As a result, the increase in surface film 
thickness starts to deviate from linearity, as indicated by Samples iii and vi of Table 3.1 







































































Figure 3.4 Dependence of the thickness of the grafted P(PEGMA) layer for (a) the Si-g-
P(PEGMA) surface and of the grafted P(NIPAAm) layer for (b) the Si-g-P(NIPAAm) 
surface on the polymerization time during the surface-initiated ATRP.  
 
 
3.3.3 Cell Adhesion Characteristics of the Si-g-P(PEGMA) Hybrid Surfaces 
The cell adhesion properties of the polymer-silicon hybrid surfaces were evaluated by 
culture of 3T3 fibroblasts, on these surfaces. Figure 3.5 show the representative optical 
micrographs of fibroblasts cultured for 2 days at 37oC on the (a) pristine Si(100), (b) Si-
VAn, (c) Si-VAn-Br, and (d, e, f) Si-g-P(PEGMA) surfaces corresponding to Samples i, ii 
and iii in Table 3.1. The surface images were obtained at 37oC also, as described in the 
Experimental Section. The cells adhered and grew to some extent on the pristine Si(100),  
Si-VAn, and Si-VAn-Br surfaces. The optical images of the three Si-g-P(PEGMA) 
surfaces indicate that the P(PEGMA) layer is very effective in preventing cell attachment 
and growth. In addition to the increased hydrophilicity, the high surface mobility and 
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steric stabilization effects of the PEG chains in water probably play a role in lowering the 
extent of cell attachment and growth (Lee et al., 1995; Gotoh et al., 1997). The PEG-
modified surfaces do not adversely affect the biochemical functionality of the cells and 
their growth characteristics. Rather, the surfaces physically hinder cell approach and 
attachment (Zhang et al., 1998). Owing to the biocompatibility of the PEG chains and 
their resistance to cell adhesion, the PEG-modified silicon surface is probably applicable 
as an adhesion barrier or anti-fouling surface in biomedical microdevices. 
 
3.3.4 Cell Adhesion and Detachment Characteristics of the Si-g-P(NIPAAm) Hybrid 
Surfaces 
P(NIPAAm) exhibits a lower critical solution temperature (LCST) at about 32oC in an 
aqueous solution. On the P(NIPAAm)-modified surface, cells can adhere, spread, and 
proliferate at 37oC. However, at temperature below the LCST of P(NIPAAm), the cultured 
cells can detach spontaneously from the hydrophilic surfaces without enzymatic digestion 
(see Section 2.3.1). The cell adhesion and detachment characteristics of the Si-g-
P(NIPAAm) surfaces were also evaluated by the culture of 3T3 fibroblasts, on the 
substrates. Cell detachment from the functionalized silicon surfaces was studied by 
lowering the incubation temperature. After 2 days of incubation at 37oC, the cell-covered 
substrates were transferred to 20oC for 40 min. The substrates were subsequently returned 
to the 37oC incubator, and imaged at 37oC as described in the Experimental Section. 
 
Figures 3.5(g-i) show the optical micrographs of the three Si-g-P(NIPAAm) surfaces of 
increasing P(NIPAAm) graft concentration (corresponding to increasing thickness, as in 
Samples iv, v and vi in Table 3.1) after incubation at 37oC. The larger the thickness of the 
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P(NIPAAm) graft layer on the silicon surface, the higher the density of cell attachment 




















Figure 3.5 Optical micrographs of 3T3 fibroblasts cultured for 2 days on the pristine 
Si(100) surface ((a) at 37oC, (a’) at 20oC), the Si-VAn surface ((b) at 37oC, (b’) at 20oC), 
the Si-VAn-Br surface ((c) at 37oC, (c’) at 20oC), the Si-g-P(PEGMA) surfaces (d, e and f, 
corresponding to increasing thickness, as in Samples i, ii and iii in Table 3.1), and the Si-
g-P(NIPAAm) surfaces (((g, h and i) at 37oC, (g’, h’ and i’) at 20oC), corresponding to 




However, a recent study by Akigama et al. (2004) has shown that the thickness of the 
P(NIPAAm) films plays a crucial role in the temperature-controlled adhesion of cells and 
the reproducibility of cell attachment onto surfaces seems to require ultrathin P(NIPAAm) 
film (thickness <20 nm). The variation probably can be attributed to the use of different 
substrates (silicon vs. polystyrene) for the surface graft polymerization of NIPAAm in the 
two studies, as well as the improved uniformity and polydispersity of the grafted 
P(NIPAAm) chains from the present ATRP process over the conventional free radical 
process. From the comparison of the individual pair of the optical micrographs in Figures 
3.5(a, a’), 3.5(b, b’) and 3.5(c, c’), it is obvious that the density of cells attached on the 
pristine Si(100), Si-VAn, or Si-VAn-Br surface remains almost the same after low 
temperature treatment. However, the cells have detached almost completely from the 
P(NIPAAm)-modified silicon surfaces after low temperature treatment and in the absence 
of enzymatic digestion (Figures 3.5(g’ to i’)). The phenomenon of cell detachment from 
the P(NIPAAm)-modified silicon surfaces could be explained in terms of the LCST of 
P(NIPAAm). When the culture temperature was lowered to 20oC, the P(NIPAAm) grafted 
on the silicon surface becomes hydrated, producing an expanded, swollen, and hydrophilic 
surface. This change in surface property weakened cellular adhesion, resulting in 
spontaneous cell detachment from the extended P(NIPAAm) brushes on the silicon 
surface. 
 
3.3.5 NIPAAm and PEGMA Graft Copolymers via Surface-Initiated ATRP  
Detachment of cultured cells from the P(NIPAAm)-modified surfaces at temperature 
below the LCST is limited by the hydration rate of the underlying P(NIPAAm) grafted on 
the substrates (Kwon et al., 2003).  PEG units introduced into the P(NIPAAm) grafted 
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surfaces could give rise to more rapid hydration of the cell cultured surfaces (Kaneko et al., 
1998). In this work, two kinds of copolymer brushes on the silicon surfaces were prepared: 
(i) Si-g-P(NIPAAm)(0.5% PEGMA), prepared via surface-initiated ATRP of NIPAAm in 
the presence 0.5 mol% of PEGMA, and (ii) Si-g-P(NIPAAm)(1.0% PEGMA), prepared 
via surface-initiated graft polymerization of NIPAAm in the presence 1.0 mol% of 
PEGMA. The reaction conditions and surface composition of the resulting graft 
copolymers are described in Table 3.2. 
 
Table 3.2 Surface chemical composition, layer thickness, and static water contact angle of 
the surface-initiated graft copolymers of NIPAAm with PEGMA. 
Surface Compositionc 
Samplea [N]:[C]b PEGMA (mol %) NIPAAm (mol %)
Layer 
thickness 






1.1:6.0 0.0 100.0 30 59 
Si-g-P(NIPAAm) 
(0.5% PEGMA) 
0.98:6.0 0.7 99.3 31 56 
Si-g-P(NIPAAm) 
(1.0% PEGMA) 
0.95:6.0 1.8 98.2 33 49 
 
a[Mixed monomer consisting of NIPAAm and PEGMA]:[CuBr]:[CuBr2]:[HMTETA] = 100:1:0.2:2 in 
DMSO at 40oC for 10 h. Value in parentheses is the mole percentage in the monomer mixture. 
bDetermined from the sensitivity-factor corrected N 1s and C 1s core-level spectral area ratio. 
cObtained from the relationships: [N]/[C] = 1/6 for NIPAAm, [N]/[C] = 0/14 for PEGMA, [N]/[C] = 
[NIPAAm]/(6[NIPAAm]+14[PEGMA]) for the copolymers. The [N]/[C] ratios for the copolymers were 
obtained from the sensitivity-factor corrected N 1s and C 1s core-level spectral area ratios.  
 
 
Figure 3.6 shows the C 1s and N 1s core-level spectra of the (a, b) Si-g-P(NIPAAm)(0.5% 
PEGMA) and (c, d) Si-g-P(NIPAAm)(1.0% PEGMA) surfaces, both obtained at an ATRP 
time of 10 h. The C 1s core-level spectra can be curve-fitted with five peak components 
with binding energies at about 284.6, 285.7, 286.2, 287.5 and 288.4 eV, attributable to the 
C-H, C-N, C-O, N-C=O and O-C=O species, respectively (Moulder et al., 1992). The C 1s 
core-level line shapes of the two functionalized silicon surfaces are similar and resemble 
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Figure 3.6 C 1s and N 1s core-level spectra of the (a, b) Si-g-P(NIPAAm)(0.5% PEGMA) 
and (c, b) Si-g-P(NIPAAm)(1.0% PEGMA) surfaces. 
 
 
Table 3.2 summarizes the analysis results of the Si-g-P(NIPAAm)(0.0% PEGMA) surface, 
the Si-g-P(NIPAAm)(0.5% PEGMA) surface, and the Si-g-P(NIPAAm) (1.0% PEGMA) 
surface. The [N]/[C] ratios of the surfaces were determined from the sensitivity-factor 
corrected N 1s and C 1s core-level spectral area ratios. The decrease in [N]/[C] ratio of the 
surfaces is consistent with the increase in feed composition of PEGMA in the reaction 
mixture. In fact, the composition of each copolymer is fairly close to that of the monomer 
feed ratio. For the Si-g-P(NIPAAm)(0.0% PEGMA) surface, the water contact angle is 
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about 59o. As the PEGMA content is increased in the copolymerized surfaces, the water 
contact angle decreases to about 49o for the Si-g-P(NIPAAm)(1.0% PEGMA) surface. The 
above results indicate that P(PEGMA) and P(NIPAAm) have been successfully graft 
copolymerized on the Si-VAn-Br surface via surface-initiated ATRP. 
 
In order to compare the cell adhesion and detachment characteristics, the copolymer-
functionalized silicon substrates, after 2 days of incubation at 37oC, were transferred to 
20oC for 10 and 20 min, respectively. The substrates were returned to the 37oC incubator, 
and imaged at 37oC. Figure 3.7 shows the representative optical micrographs of the (a, a’, 
a”) Si-g-P(NIPAAm)(0.0% PEGMA), (b, b’, b”) Si-g-P(NIPAAm)(0.5% PEGMA), and (c, 
c’, c”) Si-g-P(NIPAAm)(1.0% PEGMA) surfaces before and at the two stages of cell 
detachment studies. The cell attachment and growth is very sensitive to the PEGMA 
content in the copolymer brushes. Even for a slight increase in the PEGMA content, the 
cell attachment decreases substantially. For the complete cell detachment from the 
functionalized silicon substrates at 20oC, it took about 10 min for the Si-g-
P(NIPAAm)(1.0% PEGMA) surface (Figures 3.7(c, c’, c”)), and about 20 min for the Si-
g-P(NIPAAm)(0.5% PEGMA) surface (Figures 3.7(b, b’, b”)). However, for the Si-g-
P(NIPAAm)(0.0% PEGMA) surfaces (Figures 3.7(a, a’, a”)), a much longer time is 
needed for the cells to detach completely. The more rapid cell detachment from the 
copolymer functionalized surfaces could be explained in terms of the faster rate of 
hydration of the incorporated PEGMA units. The incorporation of PEGMA units into the 
P(NIPAAm) graft chains could give rise to a more rapid rate of the hydration for the cell 
culture surfaces. Nevertheless, this rapid cell detachment below the LCST of P(NIPAAm) 




Figure 3.7 Optical micrographs of the Si-g-P(NIPAAm) surface ((a) at 37oC, (a’, a”) at 
20oC), the Si-g-P(NIPAAm)(0.5% PEGMA) surface ((b) at 37oC, (b’, b”) at 20oC) and the 
Si-g-P(NIPAAm)(1.0% PEGMA) surface ((c) at 37oC, (c’, c”) at 20oC). The surfaces 
correspond to those described in Table 3.2. 
 
3.3.6 Surface Topography 
The changes in topography of the Si-H surface after modification by surface-initiated 
ATRP were investigated by AFM. Figure 3.8 shows the representative AFM images of the 
(a) as-prepared Si-H, (b) Si-VAn-Br, (c) Si-g-P(PEGMA) (from the ATRP time of 2 h), (d) 
Si-g-P(NIPAAm) (from the ATRP time of 2 h), (e) Si-g-P(NIPAAm)(0.5% PEGMA) 
(from the ATRP time of 10 h), and (f) Si-g-P(NIPAAm)(1.0% PEGMA) (from the ATRP 
time of 10 h) surfaces. The freshly prepared Si-H surface is rather uniform and smooth, 
with a root mean square surface roughness value (Ra) of about 0.18 nm. The Si-VAn-Br 
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Figure 3.8 AFM images of (a) the Si-H surface, (b) the Si-VAn-Br surface, (c) the Si-g-
P(PEGMA) surface obtained at ATRP time of  2 h,  (d) the Si-g-P(NIPAAm) surfaces 
obtained at ATRP time of 2 h, (e) the Si-g-P(NIPAAm)(0.5% PEGMA) surface 
corresponding to that described in Figure 3.6(a), and (f) the Si-g-P(NIPAAm)(1.0% 
PEGMA) surface corresponding to that described in Figure 3.6(c). 
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After surface graft polymerization of PEGMA and NIPAAm via ATRP for 2 h, the Ra 
values for the Si-g-P(PEGMA) surface and the Si-g-P(NIPAAm) surface remain relatively 
low at about 0.91 and 0.85 nm, respectively. The low Ra values indicate that the ATRP-
mediated graft polymerization has proceeded uniformly on the silicon surfaces. After the 
surface-initiated copolymerization of NIPAAm with PEGMA via ATRP for 10 h, the Ra 
values for the Si-g-P(NIPAAm)(0.5% PEGMA) surface and the Si-g-P(NIPAAm)(1.0% 
PEGMA) surface have increased to about 1.41 and 1.52 nm, respectively. The slight 
increase in surface roughness was probably caused by the physical non-homogeneity of 
the collapsed copolymer chains on the surface.  
 
3.3.7 Block Copolymer Brushes 
One of the unique characteristics of the polymers synthesized by ATRP is the preservation 
of active end groups during the polymerization process. Thus, it is possible to synthesize 
well-defined block copolymers via the ATRP process. To confirm the existence of the 
‘active’ chain ends on the Si-g-P(PEGMA) surface (or the Si-g-P(NIPAAm) surface), 
surface-initiated ATRP is again used to synthesize  the P(PEGMA)-b-P(NIPAAm) (or 
P(NIPAAm)-b-P(PEGMA)) diblock copolymer brushes from the functionalized silicon 
surface, using the grafted P(PEGMA) (or P(NIPAAm)) brushes as the macroinitiators. 
 
The C 1s core-level spectrum of the Si-g-P(PEGMA)-b-P(NIPAAm) surface (Figure 
3.9(a)) can be curve-fitted with four peak components with binding energies at about 
284.6, 285.7, 286.2 and 287.5 eV, attributable to the C-H, C-N, C-O and O=C-N species, 
respectively (Moulder et al., 1992). The N 1s core-level spectrum (Figure 3.9(b)) 
comprises predominantly of a peak component at the BE of about 399.4 eV, attributable to 
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the amine (NH) species (Kang et al., 1998) of the grafted P(NIPAAm). As shown in Table 
3.3, the [N]:[C] ratio of 0.97:6.0 is in fairly good agreement with the theoretical ratio of 
1.0:6.0 for P(NIPAAm). A 19-nm increase in thickness of the grafted P(NIPAAm) layer 
(greater than the XPS sampling depth of 7.5 nm (Tan et al., 1993)) was detected by 
ellipsometry after the ATRP of NIPAAm at 40oC for 10 h. The water contact angle of the 
Si-g-P(PEGMA)-b-P(NIPAAm) surface is about 59o, which is comparable to that of the 
Si-g-P(NIPAAm) surface.  
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Figure 3.9  C 1s and N 1s core-level spectra of (a, b) the Si-g-P(PEGMA)-b-P(NIPAAm) 
surface ([NIPAAm]:[CuBr]:[CuBr2]:[HMTETA] = 100:1:0.2:2 in DMSO at 40oC for 10 
h), and (c, d) the Si-g-P(NIPAAm)-b-P(PEGMA) surface ([PEGMA]:[CuBr]:[CuBr2]: 
[HMTETA] = 100:1:0.2:2 in deionized water at 40oC for 10 h), Their starting Si-g-
P(PEGMA) and Si-g-P(NIPAAm) surfaces corresponded to those described in Figure 3.3. 
Table 3.3 Chemical composition, layer thickness, and static water contact angle of the 
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Samplea [N]:[C]] or [O=C-O]:[C-O]b Layer thickness
 
(± 1 nm) 
Static water contact
angle (±3o) 
Si-g-P(PEGMA)-b-P(NIPAAm) 0.97:6.0 (1.0:6.0) 19 59 
Si-g-P(NIPAAm)-b-P(PEGMA) 1.1:7.5 (1.0:7.5) 43 45 
 
aThe samples correspond to those described in Figure 3.9. 
bDetermined from the sensitivity-factor corrected N 1s and C 1s core-level spectral area ratio for the Si-g-
P(PEGMA)-b-P(NIPAAm) surface and from the XPS curve-fitted C1s core-level spectra for the Si-g-
P(NIPAAm)-b-P(PEGMA) surface. Values in parentheses are the theoretical ratios.  
 
 
During the 2-day incubation at 37oC, the seeded cells adhered, spread, and proliferated on 
the Si-g-P(PEGMA)-b-P(NIPAAm) surface (Figure 3.10(a)), as in the case of the Si-g-
P(NIPAAm) surface. When the functionalized silicon substrate was transferred to 20oC for 
40 min, the cells have detached almost completely from the surface (Figure 3.10(a’)). The 
above results confirm that the dormant sites at the end of the grafted P(PEGMA) chains 
allow the reactivation of the graft polymerization process, resulting in the addition of a 
P(NIPAAm) block on the outer surface of the Si-g-P(PEGMA) substrate. 
 
The C 1s core-level spectrum (Figure 3.9(c)) of the Si-g-P(NIPAAm)-b-P(PEGMA) 
surface can be curve-fitted with three peak components with binding energies at about 
284.6, 286.2 and 288.4 eV, attributable to the C-H, C-O, and O=C-O species, respectively 
(Moulder et al., 1992).  The disappearance of the N 1s signal (Figure 3.9(d)) indicates that 
the thickness of the grafted P(PEGMA) monolayer has exceeded the sampling depth of the 
XPS technique. As shown in Table 3.3, the [O=C-O]:[C-O] ratio obtained by XPS is in 
fairly good agreement with the theoretical ratio for PEGMA. A 43-nm increase in 
thickness of the grafted P(PEGMA) layer was detected by ellipsometry after the ATRP of 
PEGMA at 40oC for 10 h. The water contact angle of the Si-g-P(NIPAAm)-b-P(PEGMA) 
surface is about 45o, which is comparable to that observed for the Si-g-P(PEGMA) surface. 
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The optical micrograph in Figure 3.10(b) shows a very low degree of cell attachment and 
growth on the Si-g-P(NIPAAm)-b-P(PEGMA) surface after incubation for 2 days at 37oC, 
similar to that of the Si-g-P(PEGMA) surface. Thus, the formation of a P(PEGMA) block 

















Figure 3.10 Optical micrographs of cell adhesion on the Si-g-P(PEGMA)-b-P(NIPAAm) 
surface ((a) at 37oC, (a’) at 20oC), and the Si-g-P(NIPAAm)-b-P(PEGMA) surface ((b) at 







A simple two-step method was developed for the covalent immobilization of ATRP 
initiators on the Si-H surface. Well-defined polymer-Si hybrids, consisting of the 
P(PEGMA)-Si, P(NIPAAm)-Si, and poly(NIPAAm-co-PEGMA)-Si hybrids were 
prepared via surface-initiated ATRP. The P(PEGMA)-Si hybrids are very effective in 
preventing cell attachment and growth. The hybrid surface is probably applicable as an 
adhesion barrier for cell in biomedical microdevices. At 37oC (above the LCST of 
P(NIPAAm)), the seeded cells adhered, spread, and proliferated on the P(NIPAAm)-Si 
hybrids. At 20oC (below the LCST of P(NIPAAm)), the cells detached effectively and 
spontaneously from the hybrid surface. Thus, the P(NIPAAm)-Si surface is probably 
applicable as a stimuli-responsive modifier for cell adhesion. The incorporation of a small 
quantity (<2%) of the PEGMA units into the P(NIPAAm) graft chains in the 
poly(NIPAAm-co-PEGMA)-Si hybrids could effectively increase the rate of  cell 
detachment at temperature below the LCST of P(NIPAAm). The ‘active’ chain ends on 
the present polymer-Si hybrid surfaces could be used as the macroinitiators for further 
functionalization or molecular design of the hybrid surfaces via, for example, block 
copolymerization. These polymer-Si hybrids with ‘active’ surfaces are potentially useful 

















THERMO-RESPONSIVE COMB-SHAPED POLYMER-SI(00) 
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Based on the two-step method developed earlier for the formation of Si-C bonded ATRP 
initiator, a simple one-step approach to the attachment, through Si-C bonding, of the 
ATRP initiator, 4-vinylbenzyl chloride (VBC), onto the Si(100) surface was described in 
this chapter. The VBC was immobilized simply via UV-induced hydrosilylation to 
produce the stable initiator monolayer (the Si-VBC surface) for surface-initiated ATRP. In 
addition, as described in Chapter 3, PEG units have been introduced into the grafted 
P(NIPAAm) chains on the silicon surface to accelerate the hydration of the underlying 
P(NIPAAm) segments, and to produce rapid detachment of cultured cells from the 
substrate at temperatures below the lower critical solution temperature (LCST) of 
P(NIPAAm). Nevertheless, the introduction of PEG components has also resulted in a 
dramatic decrease in cell adhesion and growth at temperatures above the LCST of 
P(NIPAAm) as described earlier (see Section 3.3.5). In this chapter, thermoresponsive 
comb-shaped copolymer-Si(100) hybrids were prepared via successive surface-initiated 
ATRPs from the Si-VBC surfaces. The resulting hybrids can accelerate cell detachment at 
lower temperatures, without affecting cell adhesion and growth at temperatures above the 
LCST of P(NIPAAm). 
 
Well-defined poly(glycidyl methacrylate) (P(GMA)) brushes covalently tethered on a 
silicon surface (Si-g-P(GMA) hybrid) were first prepared, via surface-initiated ATRP of 
GMA on the Si-VBC surface. The epoxy groups of the grafted P(GMA) brushes were 
used for the direct coupling of 2-chloropropionic acid (CPA) (with the concomitant 
formation of hydroxyl groups) to produce the Si-g-P(GMA)-Cl hybrid for the subsequent 
surface-initiated ATRP of NIPAAm. The surface reactions are shown schematically in 
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Figure 4.1. The grafted P(NIPAAm) chains act as the thermoresponsive side chains of the 
well-defined comb copolymer brushes for the control of cell adhesion and detachment, 
while the P(GMA) main chains with hydroxyl groups provide a local hydrophilic 
microenvironment for accelerated hydration of P(NIPAAm) side chains at temperatures 












































































































Figure 4.1 Schematic diagram illustrating the processes of UV-induced hydrosilylation of 
VBC with the Si-H surface to produce the Si-VBC surface, surface-initiated ATRP of 
GMA from the Si-VBC surface (the Si-g-P(GMA) surface), CPA coupling via a ring-
opening reaction of the epoxy groups on the Si-g-P(GMA) surface (the Si-g-P(GMA)-Cl 
surface), and surface-initiated ATRP of NIPAAm from the Si-g-P(GMA)-Cl surface. 
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4.2 Experimental Section 
4.2.1 Materials 
Details on the preparation and characterization of the Si-H surface had been described 
earlier in Chapter 3. 4-vinylbenzyl chloride (VBC, 97%), glycidyl methacrylate (GMA, 
>99%), 2-chloropropionic acid (CPA, 98%), 2,2’-bipyridine (Bpy, 99%), copper(I) 
chloride (99%), copper(II) chloride (97%), and dimethylformamide (DMF, >99%) were 
obtained from Aldrich Chemical Co. of Milwaukee, WI. Other materials are similar to 
those described in Section 3.2.1.  
 
4.2.2 Immobilization of the Initiator on the Si-H Surface 
The initiators were immobilized via UV-induced coupling of VBC with the Si-H surface 
to produce a Si-C bonded monolayer (the Si-VBC surface). The process is shown 
schematically in Figure 4.1. For the UV-induced coupling of VBC with the Si-H surface, 
about 0.2 ml of the VBC was introduced onto the freshly prepared Si-H surface. The Si-H 
chip was sandwiched between two quartz plates of 1.5 cm × 4.0 cm in size and a uniform 
thin liquid film of VBC formed on the Si-H surface. The detailed preparation process was 
described in Section 3.2.2. The assembly was placed in a Pyrex® tube of 2 cm in diameter, 
and subjected to UV irradiation for 3 min in a Riko RH400-10W rotary photochemical 
reactor. After UV irradiation, the silicon substrate was washed thoroughly in an excess 
amount (about 200 ml) of acetone, a good solvent for VBC and its polymer, for 24 h, 
followed by rinsing with copious amounts of fresh acetone. The VBC-coupled Si-H (Si-
VBC) substrate was then dried by pumping under reduced pressure. Surface composition 
calcd. for VBC: [Cl]/[C] = 1.0/9.0. Found from XPS analysis: [Cl]/[C] = 0.98/9.0. Surface 
water contact angle: 86o. A control experiment, in which the Si-H substrate was soaked in 
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neat VBC for the same period of time, but in the absence of UV irradiation, was also 
carried out. No VBC molecules were detected on the Si-H surface after the substrate was 
rinsed briefly with acetone and subjected to surface analysis by XPS. 
 
4.2.3 Surface-Initiated ATRP of GMA 
For the preparation of GMA polymer (P(GMA)) brushes on the Si-VBC surface, the 
reaction was carried out using a [GMA (4 mL)]:[CuCl]:[CuCl2]:[Bpy] molar feed ratio of 
100:1:0.2:2 in 4 mL of DMF/water mixed solvent (2/1, v/v) at 40oC in a Pyrex® tube 
containing the Si-VBC substrate. The reaction was allowed to proceed for a pre-
determined period of time to produce the Si-g-P(GMA) surface. Details on the process of 
surface-initiated ATRP had been described earlier in Section 3.2.3. After the reaction, the 
Si-g-P(GMA) hybrid was washed thoroughly by repeated extraction with acetone to 
ensure the complete removal of the adhered and physically adsorbed polymers, if any.  
 
4.2.4 Preparation of the Si-g-GMA-Cl Hybrid 
For the preparation of the NIPAAm comb copolymer brushes on the silicon surface, the 
epoxy groups of the Si-g-P(GMA) brushes were used for the direct coupling of 2-
chloropropionic acid (CPA) to produce the Si-g-P(GMA)-Cl hybrids, which serve as the 
macroinitiators for the subsequent surface-initiated ATRP of NIPAAm (Figure 4.1). 
Typically, a Si-g-P(GMA) hybrid was immersed in 10 ml of DMF, containing 5.0 ml of 
CPA, in a Pyrex® tube for 24 h at 60ºC to produce the Si-g-P(GMA)-Cl hybrid. After 
removal from the reaction mixture, the Si-g-P(GMA)-Cl hybrid was washed sequentially 




4.2.5 Surface-Initiated ATRP of NIPAAm  
To confirm the presence of active chain ends in the grafted P(GMA) brushes, as well as to 
compare the cell adhesion and detachment characteristics with the corresponding comb 
copolymer-Si(100) hybrids, the P(GMA) chain ends on the Si-g-P(GMA) hybrid (Figure 
4.1) were used as the macroinitiators for the surface-initiated ATRP of NIPAAm to 
produce the linear diblock copolymer brushes (Si-g-P(GMA)-b-P(NIPAAm) hybrid). For 
the preparation of the comb-shaped copolymer-Si(100) hybrid, the alkyl halide groups on 
the Si-g-P(GMA)-Cl hybrid were used as the macroinitiators for the subsequent surface-
initiated ATRP of NIPAAm to produce the Si-g-P(GMA)-cb-P(NIPAAm) hybrid. 
Typically, the above reactions were carried out using a [NIPAAm (3.0 g)]:[CuCl]:[CuCl2]: 
[HMTETA] molar feed ratio of 100:1:0.2:1.2 in 5 ml of DMSO at 40oC for 6 h in a 
Pyrex® tube containing the Si-g-P(GMA) hybrid (for the preparation of the Si-g-
P(GMA)-b-P(NIPAAm) hybrid) or the Si-g-P(GMA)-Cl hybrid (for the preparation of the 
Si-g-P(GMA)-cb-P(NIPAAm) hybrid). A reaction time of 3 h was also used for the 
preparation of the comb copolymer-Si(100) hybrid. After removal from the reaction 
mixture, the Si-g-P(GMA)-b-P(NIPAAm) and Si-g-P(GMA)-cb-P(NIPAAm) hybrids 
were washed sequentially with copious amounts of DMSO and doubly distilled water, 
prior to being dried under reduced pressure. 
 
4.2.6 Surface Characterization 






4.2.7 Cell Culture on the Functionalized Silicon Surfaces 
The cell adhesion, proliferation and detachment characteristics of the functionalized 
silicon surfaces were assessed by optical microscopy as Section 3.2.5. Procedures for the 
study of cell adhesion at 37oC (above the LCST of P(NIPAAm)) and cell detachment at 
20oC (below the LCST of P(NIPAAm) had been described earlier in Section 3.2.5. Cell 
fixation with 4% glutaraldehyde for 2 h and dehydration in a series of ethanol solutions 
(50%-100%) were carried out. Cell number on each type of surface was counted on 



















4.3 Results and Discussion 
Well-defined comb-shaped copolymer brushes on Si(100) surface were synthesized 
according to the reaction sequence shown in Figure 4.1: (i) P(GMA) brushes were first 
covalently grafted on Si(100) surface (Si-g-P(GMA) hybrid) via surface-initiated ATRP of 
GMA from the Si-VBC surface, (ii) the epoxy groups of the Si-g-P(GMA) hybrid were 
used for the direct coupling of 2-chloropropionic acid (CPA) to produce the Si-g-
P(GMA)-Cl hybrid, and (iii) the chloride groups of the Si-g-P(GMA)-Cl hybrid were used 
as the macroinitiators for the subsequent surface-initiated ATRP of NIPAAm to produce 
the comb-shaped copolymer-Si(100) hybrid (Si-g-P(GMA)-cb-P(NIPAAm) hybrid). The 
details of each reaction are discussed below.  
 
4.3.1 Immobilization of VBC on the Si-H Surface 
Details on the preparation and characterization of the Si-H surface have been described 
earlier in Section 3.3.1. The initiators are immobilized via UV-induced coupling of VBC 
on the Si-H surface to produce a stable initiator monolayer (the Si-VBC surface) via the 
Si-C bonds. The mechanism of UV-induced hydrosilylation was described in Section 2.1.2. 
The C 1s core-level spectrum  of the Si-VBC surface (Figure 4.2(a)) can be curve-fitted 
into three peak components with binding energies (BE’s) at about 283.8, 284.6, and 286.1 
eV, attributable to the C-Si, C-H, and C-Cl species, respectively (Moulder et al., 1992). 
The presence of the C-Si peak component in the C 1s spectrum is unambiguous. The π-π* 
shake-up satellite of the benzyl group of VBC is also discernible at the BE of about 290.4 
eV. In addition, a new Cl 2p spectrum (Figure 4.2(b)) with the Cl 2p3/2 peak component at 
the BE of about 200 eV, characteristic of the covalently bonded chlorine (Moulder et al., 















































Figure 4.2 C 1s and Cl 2p core-level spectra of (a, b) the Si-VBC surface, (c, d) the Si-g-
P(GMA) surface, and (e, f) the Si-g-P(GMA)-Cl surface. Inset (a’) shows the Si 2p core-
level spectra of the Si-VBC surface. 
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UV-induced formation of a very stable Si-C bond between the Si-H surface and alkyl 
monolayer has been well-established (Linford et al., 1995; Boukherroub et al., 1999; 
Sieval et al., 2000; Buriak, 2002). In the present work, the appearances of the C-Si and C-
Cl species, as well as the π-π* shake-up satellite, confirm the presence of a reactively 
coupled VBC layer on the Si-H surface.  Thus, the benzyl chloride groups have been 
successfully immobilized on the Si-H surface to cater for the subsequent ATRP process 
from the Si-VBC surface. The fact that the [C-Cl]/[C-H] component area ratio (~0.13) in 
Figure 4.2(a) is very close to the theoretical ratio of 0.125 for VBC molecule suggests that 
UV-induced formation of benzyl radical probably has not occurred to a significant extent. 
A substantial increase in water contact angle (about 86o) of the Si-VBC surface, from that 
(about 72º) of the Si-H surface (Table 4.1), is consistent with the complete coverage of the 
Si-H surface by VBC. The complete coverage, however, probably does not mean complete 
replacement of Si-H by Si-C bonds. Experiment and theoretical studies have suggested 
that a maximum of about 60% of the hydrogen sites on the Si-H surface are substituted by 
alkyl group at complete surface coverage (Sieval et al., 2000). In addition, no obvious 
oxidized silicon species in the BE region of 101-103 eV was detected in the Si 2p 
spectrum (Figure 4.2(a’)) of the Si-VBC surface, which indicated that the dense attached 
VBC layers can protect the silicon substrate surface against oxidation. 
 
4.3.2 Surface-Initiated ATRP of GMA 
The presence of grafted P(GMA) on the Si-VBC surface was confirmed by XPS analysis 
and ellipsometry measurement after the surface had been subjected to vigorous washing 
and extraction to remove the physically adsorbed homopolymer. Figure 4.2(c) shows the 
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C 1s core-level spectrum of the Si-g-P(GMA) surface at an ATRP time of 1 h. The C 1s 
core-level spectrum can be curve-fitted into three peak components with BE’s at about 
284.6, 286.2, and 288.4 eV, attributable to the C-H, C-O/C-Cl, and O=C-O species, 
respectively (Moulder et al., 1992), in an approximate area ratio of 3:3:1. Since the C-Cl 
species contributes to less than 1% of the total carbon signal ([Cl]/[C] = 7.7 × 10-3 for the 
surface), the peak component area ratio is consistent with the chemical structure of 
P(GMA). The thickness (h) and water contact angle of the corresponding P(GMA) layer 
are about 32 nm and 67o, respectively  (Table 4.1). 
Table 4.1 Layer thickness and static water contact angle of the polymer-Si(100) hybrids 




Static water contact angleb 
(±3o) 
Si-g-P(GMA)c 32 67 
Si-g-P(GMA)-Cld 33 58 
Si-g-P(GMA)-b-P(NIPAAm)e      32+4 61 
Si-g-P(GMA)-cb-P(NIPAAm)1f      33+5 60 
Si-g-P(GMA)-cb-P(NIPAAm)2g        33+12 60 
 
aThe thickness of the VBC monolayer on the Si-VBC surface was about 0.3 nm. 
bStatic water contact angles at room temperature for the pristine (oxide-covered) Si(100) surface, the Si-H 
surface, and the Si-VBC surface are about 20o,72o, and 86o, respectively. 
cReaction conditions: [GMA]:[CuCl]:[CuCl2]:[Bpy] = 100:1:0.2:2 in DMF/water (2/1, v/v) at 40ºC for 1 h. 
dObtained by immersing the Si-g-P(GMA)c surface in CPA/DMF (1/1, v/v) solution at 60ºC for 24 h. 
eReaction conditions: [NIPAAm]:[CuCl]:[CuCl2]:[HMTETA] = 100:1:0.2:2 in DMSO at 40ºC for 6 h, 
using the Si-g-P(GMA)c surface. 
 fReaction conditions: [NIPAAm]:[CuCl]:[CuCl2]:[HMTETA] = 100:1:0.2:2 in DMSO at 40ºC for 3 h, 
using the Si-g-P(GMA)-Cle surface. 
gReaction conditions: [NIPAAm]:[CuCl]:[CuCl2]:[HMTETA] = 100:1:0.2:2 in DMSO at 40ºC for 6 h, 
using the Si-g-P(GMA)-Cle surface. 
 
From the thickness and mass density of the VBC layer on Si-VBC (~0.3 nm and 1.08 
g/cm3, respectively), and molecular weight of VBC (152.6 g/mol), the surface initiator 
density (ρ′) was estimated to be about 1.4 VBCs/nm2. Since the average cross-sectional 
area of methacrylate and styrene polymer (Husseman et al., 1999; Shah et al., 2000) 
prepared by ‘living’ radical polymerization is about 2 nm2, the surface initiator efficiency 
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(η) of the present system is estimated to be about 35%. Based on h, ρ′, η, P(GMA) density 
(ρ) of 1.0 g/cm3 and GMA molecular weight (M) of 142.2 g/mole, the degree of 
polymerization (DP1) of the Si-g-P(GMA) surface [(ρ.h)/(M.ρ′.η)] is estimated to be about 
97. Based on the [Cl]/[C] ratio of 7.7 × 10-3 (r1, determined from the sensitivity factor 
corrected Cl 2p and C 1s core-level spectral area ratio), the degree of polymerization (DP2) 
of the Si-g-P(GMA) surface within the sampling depth of XPS technique, as calculated 
from 1/(7·r1), is about 19. Thus, DP2 corresponds to a layer thickness of about 6.3 nm 
[(DP2/DP1)·h]. This layer thickness is comparable to the sampling depth (about 7.5 nm) of 
the XPS technique in an organic matrix (Tan et al., 1993). The molecular weight and 
molecular weight distribution of the surface-grafted polymer cannot be determined with 
sufficient accuracy without the cleavage of the grafted chains. The amount of grafted 
polymer on the planar surface is minute. Only about 0.01 mg of the polymer can be 
obtained from a 100-nm thick film grown on a flat surface of 1 cm2. Thus, the quantity of 
polymers cleaved from the Si surface did not allow an accurate analysis of molecular 
weight and molecular weight distribution by gel permeation chromatography (GPC) 
(Matyjaszewski et al., 1999; Biesalski and Rühe, 2004). 
 
An approximately linear increase in P(GMA) thickness and DP of the grafted P(GMA) 
chains on the Si-VBC surface with polymerization time is indicated by lines (a) and (b), 
respectively, of Figure 4.3. The results suggest that the chain growth from the Si-VBC 
surface was consistent with a ‘living’ and well-defined process. Nevertheless, surface-
initiated ‘non-living’ radical polymerization may also give rise to similar dependence of 






















































Figure 4.3 Dependence of the (a) thickness and (b) degree of polymerization (DP) of the 
grafted P(GMA) chains of the Si-g-P(GMA) surface on the surface-initiated ATRP time. 
 
One of the unique characteristics of polymers synthesized by ATRP is the preservation of 
active groups at the chain ends. The presence of ‘living’ P(GMA) chain ends is 
ascertained by the persistence of a strong Cl 2p signal on the Si-g-P(GMA) hybrid (Figure 
4.2(d)) and by the subsequent growth of a second polymer block of P(NIPAAm), using the 
P(GMA) brushes as the macroinitiators (see below). Control experiments on the pristine 
(oxide-covered) Si(100) and Si-H surfaces revealed that there was no increase in organic 
layer thickness when the two substrates were subjected to the ‘surface-initiated’ ATRP of  
GMA under similar reaction conditions. All these results are consistent with the successful 
graft polymerization of GMA on the Si-VBC surfaces via surface-initiated ATRP. 
 
4.3.3 Preparation of the Si-g-GMA-Cl Hybrid 
In principle, nucleophilic groups, such as –NH2 and –COOH groups, can react readily and 
irreversibly with the epoxy groups (Sidoreko et al., 1999; Yu et al., 2005). Thus, the 
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reaction between the epoxy group of GMA units and the carboxyl functionality of CPA 
was used to introduce the α-chloroester species on the P(GMA) brushes. After the reaction 
with CPA at 60oC for 24 h, the α-chloroester functionalized Si-g-P(GMA) hybrid (Si-g-
P(GMA)-Cl hybrid, structure shown in Figure 4.1) was susceptible to surface-initiated 
ATRP of NIPAAm. Figures 4.2(e,f) show the C 1s and Cl 2p core-level spectra of the Si-
g-P(GMA)-Cl hybrid surface. The C 1s core-level spectrum can be curve-fitted into three 
peak components with BE’s at about 284.6 eV, 286.2 eV, and 288.5 eV, attributable to the 
C-H, C-O/C-Cl, and O=C-O species, respectively (Moulder et al., 1992). In comparison 
with the C 1s core-level spectrum of the corresponding Si-g-P(GMA) hybrid surface 
(Figure 4.2(c)), a decrease in the relative peak component area of the C-O/C-Cl species is 
observed in the curve-fitted C 1s core-level spectrum of the Si-g-P(GMA)-Cl hybrid 
surface. The [Cl]/[C] ratio, however, increases from 7.7 × 10-3 (r1) to 7.3 × 10-2 (r2), as 
indicated in Figures 4.2(c to f). The thickness of the organic layer on the Si-g-P(GMA)-Cl 
hybrid increases by about 1 nm from that of the original Si-g-P(GMA) surface after 
immobilization of CPA (Table 4.1). The Si-g-P(GMA) surface becomes more hydrophilic 
after CPA immobilization, in spite of the increase in [Cl]/[C] ratio. The static water 
contact angle decreases from about 67o to about 58o (Table 4.1). This phenomenon can be 
attributed to the accompanied formation of hydroxyl groups when the epoxy groups of the 
grafted P(GMA) chains react with the nucleophilic COOH groups of CPA (Figure 4.1). 
Based on the surface [Cl]/[C] ratios (r1 and r2) and DP2 of 19 for the Si-g-P(GMA) surface 
within the sampling depth of XPS technique, the extent of epoxide ring-opening or 
coupling reaction is about 60%. The above results are consistent with the presence of 




4.3.4 Surface-Initiated ATRP of NIPAAm  
Polymers synthesized by ATRP still preserve the active end groups (the terminal alkyl 
halides) after the polymerization process. The dormant sites associated with these end 
groups can be reactivated during the subsequent block copolymerization process. Thus, it 
is possible to synthesize well-defined block copolymer brushes via surface-initiated ATRP. 
In this work, linear diblock copolymer brushes (the Si-g-P(GMA)-b-P(NIPAAm) hybrid) 
were synthesized via subsequent surface-initiated ATRP of NIPAAm, using the terminal 
alkyl halide groups of the Si-g-P(GMA) hybrid  as the macroinitiators (Figure 4.1). The 
formation of block copolymer brushes was confirmed again by XPS and ellipsometry. 
After an ATRP time of 6 h, the appearance of a strong N 1s signal (BE ~399 eV) in the 
XPS spectra of the resulting Si-g-P(GMA)-b-P(NIPAAm) surface (Figures 4.4(a and b)) 
suggests that NIPAAm has been successfully block-copolymerized on the Si-g-P(GMA) 
surface. The thickness and [N]/[C] ratio (determined from the sensitivity-factor corrected 
N 1s and C 1s core-level spectral area ratio) of the P(NIPAAm) layer are about 4 nm and 
7.4 × 10-2, respectively. The water contact angle of the Si-g-P(PGMA)-b-P(NIPAAm) 
surface at room temperature (~25oC) is about 61o, which is comparable to that of the 
silicon surface with grafted P(NIPAAm) in Chapter 3. At about 40oC, the water contact 
angle of the surface increased to about 79o. The substantial difference in surface water 
contact angles below and above the LCST confirms that the grafted P(NIPAAm) can 
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Figure 4.4 Wide scan and N 1s core-level spectra of the (a, b) Si-g-P(GMA)-b-P(NIPAAm) 
surface, (c, d) Si-g- P(GMA)-cb-P(NIPAAm)1, and (e, f) Si-g-P(GMA)-cb-P(NIPAAm)2 
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For the preparation of the comb-shaped copolymer-Si(100) hybrid, the chloride groups on 
the Si-g-P(GMA)-Cl hybrid were used as the macroinitiators for the surface-initiated 
ATRP of NIPAAm to produce the Si-g-P(GMA)-cb-P(NIPAAm) hybrid. Figures 4.4(c,e) 
show the wide scan spectra of the Si-g-P(GMA)-cb-P(NIPAAm) surfaces from 3 and 6 h 
of ATRP’s, respectively. Their corresponding N 1s core-level spectra are shown in 
Figures 4.4(d,f). The increase in thickness of the corresponding polymer films are 5 nm 
for the Si-g-P(GMA)-cb-P(NIPAAm)1 surface (from an ATRP time of 3 h), and 12 nm for 
the Si-g-P(GMA)-cb-P(NIPAAm)2 surface (from an ATRP time of 6 h) (Table 4.1). 
 
For the increase in ATRP time from 3 to 6 h, the [N]/[C] ratio of the Si-g-P(GMA)-cb-
P(NIPAAm) surface increases from 6.1 × 10-2 to 1.3 × 10-1. The latter ratio is slightly 
lower than the theoretical [N]/[C] ratio (~0.17) for P(NIPAAm), although the P(NIPAAm) 
graft layer is thicker than the sampling depth of the XPS technique. The lower [N]/[C] 
ratio probably arises from the persistence of the P(GMA) backbone in the P(NIPAAm) 
comb brushes. The above results, nevertheless, are consistent with the fact that NIPAAm 
has been successfully graft copolymerized from the Si-g-P(GMA)-Cl surface via surface-
initiated ATRP. In addition, the linear diblock formation in the Si-g-P(GMA)-b-
P(NIPAAm) hybrid has confirmed that the dormant sites at the end of the grafted P(GMA) 
chains on the Si-g-P(GMA) surface will allow reactivation for block copolymerization. 
Thus, both the active chloride groups (preserved at the P(GMA) chain ends from the 
surface-initiated ATRP of GMA) and the chloride groups of the α-chloroester species 
(from the coupled CPA on the Si-g-P(GMA)-Cl hybrid) can act as the initiation sites for 




4.3.5 Cell Adhesion and Detachment Characteristics of the Comb Copolymer-Si 
Hybrid Surfaces  
 
Rapid detachment of cultured cells from cell substrates is very important in fabricating 
functional tissue-mimicking structures. Accelerated hydration of the grafted P(NIPAAm) 
promotes rapid surface swelling, and subsequent cell detachment and substrate recovery 
(Ebara et al., 2003; Akiyama et al., 2004). Incorporation of hydrophilic units, such as 
PEG, into the grafted P(NIPAAm) can facilitate hydration of the latter and lead to a 
much more rapid cell substrate recovery. However, the introduction of PEG 
components also results in a dramatic decrease in cell adhesion and growth (above or 
near the LCST of P(NIPAAm)) because PEG units posses the unique anti-fouling 
properties (see Section 3.3.5). 
 
In the present work, accelerated cell detachment, without affecting cell adhesion and 
growth, from the Si-g-P(GMA)-cb-P(NIPAAm) hybrid surface is demonstrated. The 
cell adhesion and detachment characteristics of the polymer-silicon hybrid surfaces 
were evaluated by culturing a cell line, 3T3 fibroblasts, on the substrates as described in 
Chapter 3. Cell detachment from the hybrid surfaces was studied by lowering the 
incubation temperature. The cells can adhere and grow to some extent on the pristine 
(oxide-covered) Si(100) surface at 37oC. Most of the cells remain attached to the 
substrate upon lowering the substrate temperature to 20oC (see Section 3.3). Figures 
4.5(a to d) show the optical micrographs of the respective Si-g-P(GMA), Si-g-P(GMA)-
b-P(NIPAAm), Si-g-P(GMA)-cb-P(NIPAAm)1 and Si-g-P(GMA)-cb-P(NIPAAm)2 
surfaces after incubating with 3T3 fibroblast (of the same initial seeding density) at 
37oC for two days. The P(NIPAAm)-grafted surfaces exhibit higher density of cell 
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attachment and rate of cell growth than the starting Si-g-P(GMA) surface. No 
significant difference in cell morphology and adhesion was observed for the 
P(NIPAAm) grafted surfaces. Therefore, cells can attach, spread, and proliferate on 
these surfaces at 37oC (above the LCST of P(NIPAAm)). At 37oC, the P(NIPAAm) 
segments of these surfaces associate hydrophobically and collapse into globular 
structures which can support cell attachment, spread, and proliferation. The above 
results suggest that the thermoresponsive comb copolymer-Si(100) hybrids do not 
restrain cell attachment at 37oC. 
 
Figures 4.5(a’,a”) show that the density of cells attached to the Si-g-P(GMA) surface 
remains practically unchanged after the low temperature treatment for 30 min. The 
behavior is similar to that observed for the pristine Si(100) surface (see Section 3.3). 
However, a significant number of cells have detached from the P(NIPAAm)-modified 
silicon surfaces after the low temperature treatment and in the absence of enzymatic 
digestion (Figures 4.5(b’,b”), 4.5(c’,c”), and 4.5(d’,d”)). The phenomenon of cell 
detachment from the P(NIPAAm)-modified silicon surfaces can be explained in terms of 
the LCST of P(NIPAAm) (see Section 3.3.4). Within 15 min, about 30% and 80% of the 
adhered cells have detached, respectively, from the Si-g-P(GMA)-b-P(NIPAAm) surface 
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Figure 4.5 Optical micrographs on the adhesion and detachment characteristics of 3T3 
fibroblasts of the Si-g-P(GMA) ((a) at 37oC, (a’, a”) at 20oC), Si-g-P(GMA)-b-P(NIPAAm) 
((b) at 37oC, (b’, b”) at 20oC), Si-g-P(GMA)-cb-P(NIPAAm)1 ((c) at 37oC, (c’, c”) at 
20oC), and Si-g-P(GMA)-cb-P(NIPAAm)2 ((d) at 37oC, (d’, d”) at 20oC) surfaces. The 





The rates of cell detachment from the two types of surfaces (block and comb copolymer 
surfaces) are compared in Figure 4.6. For complete cell detachment, about 40 and 25 min 
were required for the Si-g-P(GMA)-b-P(NIPAAm) and Si-g-P(GMA)-cb-P(NIPAAm)1 
surfaces, respectively. The time required for complete cell detachment from the Si-g-
P(GMA)-b-P(NIPAAm) surface is comparable to that observed for the pure P(NIPAAm) 
grafted Si(100) surface (see Section 3.3.4). The rate of cell detachment from the Si-g-
P(GMA)-cb-P(NIPAAm)1 surface is slightly faster than that from the Si-g-P(GMA)-cb-
P(NIPAAm)2 surface. The phenomenon probably arises from the longer time required to 
hydrate the thicker P(NIPAAm) layer on the Si-g-P(GMA)-cb-P(NIPAAm)2 surface. 
 
 




































Figure 4.6 Time-dependent cell detachment from the graft-modified silicon surfaces upon 
reducing the culture temperature to 20oC, which is well below the LCST of P(NIPAAm) 
at about 32oC.  
 
From the above results, it can be concluded that the comb-shaped macromolecular 
microstructure of the Si-g-P(GMA)-cb-P(NIPAAm) surfaces can facilitate cell recovery 
without restraining cell growth and attachment. The more rapid cell detachment from the 
comb copolymer-Si hybrid surfaces can be explained in terms of more efficient hydration 
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of the grafted P(NIPAAm) side chains. Associated with the mechanism of formation of 
the Si-g-P(GMA)-cb-P(NIPAAm) hybrid (Figure 4.1), the coupling of each epoxide group 
of the grafted P(GMA) brushes with CPA was accompanied by the formation of a 
hydroxyl group, and thus providing a more hydrophilic microenvironment. When the 
culture temperature was lowered to 20oC, the hydration of P(NIPAAm) side chains was 
facilitated by the underlying hydrophilic microenvironment. A control experiment 
involving cells cultured on a Si-g-P(GMA)-b-P(NIPAAm) hybrid surface with coupled 
CPA, but in the absence of subsequent graft copolymerization to incorporate the 
P(NIPAAm) brushes, was also carried out. Cell detachment was also facilitated by the 
formation of hydroxyl groups after coupling of CPA to the epoxide groups of P(GMA), 
consistent with the hydrophilic effect proposed above. However, in the absence of grating 
of the P(NIPAAm) brushes, cell growth and attachment on the Si-g-P(GMA)-b-















A simple one-step process for the covalent immobilization of an ATRP initiator 
monolayer on the Si-H surface was demonstrated. The process involved direct UV-
induced coupling of the vinyl group of VBC with the Si-H surface to produce the Si-VBC 
surface. The process represented a considerable simplification over the multi-step 
processes. From the Si-VBC surface, well-defined comb-shaped copolymer-Si(100) 
hybrids were synthesized by successive surface-initiated ATRPs. P(GMA) brushes were 
first covalently immobilized (via robust Si-C bonds) on the silicon surfaces from surface-
initiated ATRP of GMA. Reaction of the epoxy groups of the grafted P(GMA) with CPA 
gave rise to the α-chloroester species for the subsequent surface-initiated ATRP of 
NIPAAm and the concomitant formation of hydroxyl groups. The resultant P(NIPAAm) 
side chains acted as the thermoresponsive brushes of the comb-shaped copolymer for the 
control of cell adhesion and detachment, while the P(GMA) main chains with hydroxyl 
groups provided a localized hydrophilic environment. At 37oC (above the LCST of 
P(NIPAAm) of 32oC), the hydrophobic P(NIPAAm) segments associated hydrophobi-
cally to form a collapsed globular structure which supported cell attachment, spread, and 
proliferation. When the culture temperature was lowered to 20oC, the hydration of 
P(NIPAAm) side chains was facilitated by the hydroxyl groups on the P(GMA) main 
chain. The results indicate that the unique surface microstructure of the comb-shaped 
















GLUCOSE OXIDASE (GOD) IMMOBILIZATION ON 





In Chapter 4, a simple one-step procedure was employed for the immobilization of Si-C 
bonded 4-vinylbenzyl chloride (VBC) on the Si(100) surface via UV-induced 
hydrosilylation. As mentioned in Chapter 2, radical-based hydrosilylation is another 
important technique to prepare the Si-C bonded monolayers and Si(111) is also one of the 
most commonly used surface orientations (see Section 2.1.2). In this chapter, an 
alternative one-step method was described to covalently attach VBC, via radical-induced 
hydrosilylation, onto the Si(111) surface. Well-defined poly(glycidyl methacrylate) 
(P(GMA)) brushes covalently tethered on the silicon surface (Si-g-P(GMA) hybrids) were 
prepared, via surface-initiated ATRP, on the VBC-coupled silicon (Si-VBC) surface 
(Figure 5.1).  
 
P(GMA) is a known surface linker and spacer for binding biomolecules (Eckert et al., 
2000; Nishiyama et al., 2002; Arica et al., 2004; Danisman et al., 2004; Grano et al., 2004). 
The introduced spacer between the substrate surfaces and the biomolecules is beneficial to 
the immobilized enzymes (Wang and Hsiue, 1993; Itoyama et al., 1994). Glucose oxidase 
(GOD) is well-known as a biological sensing macromolecule in the development of 
glucose biosensors (see Section 2.3.2). In this chapter, the epoxide groups of the grafted 
P(GMA) brushes were used for the direct coupling of GOD, with the concomitant 
formation of hydroxyl groups (Figure 5.1). With the simultaneous presence of the surface 
spacer and the neighboring hydroxyl groups, GOD can assume a higher degree of 
conformational freedom in a more hydrophilic environment. The surface microstructure is 
advantageous to retaining the activity of the immobilized enzymes (Cen et al., 2003). The 
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GOD-functionalized Si-g-P(GMA) hybrids may find useful applications in silicon-based 






















































Figure 5.1 Schematic diagram illustrating the processes of radical-initiated hydrosilylation 
of VBC with the Si-H surface to produce the Si-VBC surface, surface-initiated ATRP of 












5.2 Experimental Section  
5.2.1 Materials  
(111)-Oriented single crystal silicon, or Si(111) wafer,  with a thickness of about 1.5 mm 
and a diameter of 150 mm, was purchased from Unisil Co. of Santa Clara, CA. The as-
received wafers were polished on one side and doped lightly as n-type. The silicon wafers 
were sliced into square chips of 2 cm × 3 cm in size. Details on the preparation of the Si-H 
surface have been described earlier in Chapter 3. GOD (Type II, 15500 units g-1 from 
Aspergillus niger) was purchased from Sigma Chemical Co., St. Louis, MO. Dulbecco’s 
phosphate buffered saline (PBS, pH 7.4) solution, used for the enzyme immobilization 
work, was freshly prepared. Bio-Rad dye reagent for protein assay (Catalog No. 500-0006) 
was obtained from Bio-Rad, Inc., Hercules, CA. Other chemicals are similar to those 
described in Chapter 3 and Chapter 4. 
 
5.2.2 Immobilization of the ATRP Initiator on the Si-H Surface 
The initiator was immobilized via radical-based hydrosilylation (Buriak, 2002) of VBC 
with the Si-H surface to produce a Si-C bonded monolayer (the Si-VBC surface). The 
process is shown schematically in Figure 5.1. For the radical-based hydrosilylation 
reaction, the Si-H surface was treated with 1 ml of VBC in 6 ml of DMSO for 60 min at 
85ºC, in the presence of benzoyl peroxide (BPO, 10 mg) as the radical initiator and under 
a dry argon atmosphere, to produce the Si-VBC surface. After the hydrosilylation reaction, 
the Si-VBC substrate was immersed in about 200 ml of acetone (a good solvent for VBC 
and VBC polymer) for about 24 h. The substrate was subsequently rinsed with copious 
amounts of fresh acetone to ensure the complete removal of the adhered and physically 
adsorbed VBC or VBC oligomers.  
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5.2.3 Surface-Initiated ATRP of GMA 
For the preparation of GMA polymer (P(GMA)) brushes on the Si-VBC surface, the 
reaction was carried out using a [GMA]:[CuCl]:[CuCl2]:[Bpy] feed ratio of 100:1:0.2:2 in 
4 ml of a mixed solvent (DMF/water (1/1, v/v)) at room temperature in a Pyrex® tube 
containing the Si-VBC substrate. The reaction was allowed to proceed for a pre-
determined period of time to produce the Si-g-P(GMA) surface. Details on the extraction 
procedures had been described earlier in Section 4.2.3.  
 
5.2.4 Immobilization of GOD on the Si-g-P(GMA) Surface 
The Si-g-P(GMA) hybrid chips of 1 cm × 1 cm in area were used in all experiments with 
GOD. The Si-g-P(GMA) chips were transferred to 3 ml of a 0.1 M PBS (pH 7.4) solution 
containing GOD at a concentration of 4 mg ml-1. The immobilization reaction was allowed 
to proceed at room temperature for a pre-determined period of time under continuous 
stirring. Coupling reactions involving epoxide groups and –NH2 groups of biomolecules 
had been widely reported (Eckert et al., 2000; Nishiyama et al., 2002; Arica et al., 2004; 
Danisman et al., 2004; Grano et al., 2004; Yu et al, 2004). The nucleophilic -NH2 groups 
of GOD were thus expected to react readily and irreversibly with the reactive epoxide 
groups of the Si-g-P(GMA) surface to produce the Si-g-P(GMA)-GOD surface (Figure 
5.1). It should be noted that some of the active chloride end groups preserved throughout 
the ATRP process maybe also involved in the nucleophilic reaction with the –NH2 groups 
(see Chapter 6). The reversibly bound GOD on the Si-g-P(GMA)-GOD surface was 
desorbed in copious amounts of PBS for 24 h at room temperature. The PBS solution was 
gently stirred and changed every 8 h. The method of GOD immobilization used in the 
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present work thus differed from that reported for the immobilization of enzymes on the 
COOH moiety-functionalized substrates. These substrates usually required pre-activation 
by a coupling agent, such as the water-soluble carbodiimides (Cen et al., 2003; Liu et al., 
2004).  
 
5.2.5 Determination of Immobilized GOD Concentration 
The amount of enzyme immobilized on the Si-g-P(GMA)-GOD surface was determined 
by the modified  dye-interaction methods (Bonde et al., 1992; Kang et al., 1993), using the 
Bio-Rad protein dye reagent. For the preparation of the dye solution, the Bio-Rad stock 
dye solution was diluted five times with doubly distilled water. GOD solution (100 μl) of 
known concentration was added to 5 ml of the dye solution. The GOD-dye solution was 
gently stirred for 3 h and centrifuged at 5000 rev/min for 15 min. The GOD-dye complex 
was precipitated and the free dye remained in the upper layer. The absorbance of 
supernatant at 465 nm was used for the standard calibration. For the quantitative 
determination of immobilized GOD on the silicon surface, the dye solution (5 ml) was 
added to a test tube containing the Si-g-P(GMA)-GOD chip of 1 cm × 1 cm in size. The 
dye solution was gently stirred for 3 h. The chip was removed and the absorbance of the 
dye solution was measured at 465 nm. The amount of GOD immobilized on the chip was 
calculated with reference to the standard calibration curve. 
 
5.2.6 Assay of GOD Activity 
For the investigation of activity of the immobilized GOD, 5 ml of β-D(+)-glucose solution 
(1.8 wt%) was used as the assay medium. The activity was deduced from the consumption 
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rate of the β-D(+)-glucose (Ogawa et al., 2002; Tiller et al., 2002). The enzymatic reaction 
was initiated by the introduction of a Si-g-P(GMA)-GOD chip of 1 cm × 1 cm in size into 
the assay medium at room temperature with constant agitation. The concentration of the β-
D(+)-glucose solution was measured on a YSI Model 2700 SELECT Biochemistry 
Analyzer (YSI Incorporated, Yellow Springs, OH). The activity of the immobilized GOD 
in units was defined as the number of μmol of β-D(+)-glucose oxidized to D-
gluconolactone per min. The relative activity (RA) was defined as the ratio of the 
observed surface activity over the activity obtained from an equivalent amount of the free 
enzyme.  
 
5.2.7 Surface Characterization 














5.3 Results and Discussion 
5.3.1 Immobilization of the ATRP Initiator on the Si-H Surface 
 
The ATRP initiators were immobilized via radical-induced hydrosilylation (Buriak, 2002) 
of VBC with the Si-H surface. Thus, using benzoyl peroxide (BPO) as the radical initiator, 
a stable VBC initiator monolayer was formed on the Si-H surface via the Si-C bonds (the 
Si-VBC surface). The mechanism of radical-initiated hydrosilylation (see Section 2.1.2) is 
similar to that of the UV-induced hydrosilylation. 
 
The radical-initiated hydrosilylation of VBC on the Si-H surface can be ascertained by 
comparing the XPS wide scan and Cl 2p core-level spectra of  the Si-H surface (Figure 5.2 
(a,b)) with those of the resultant Si-VBC surface (Figure 5.2(c,d)). The latter surface had 
been subjected to the vigorous washing/extraction procedures after preparation. In 
addition to the significantly enhanced C 1s signal intensity, a new Cl 2p spectrum at the 
binding energy (BE) of about 200 eV, characteristic of the covalently bonded Cl (Moulder 
et al., 1992), has appeared on the Si-VBC surface. The static water contact angle increased 
from about 72º for the Si-H surface to about 84o for the Si-VBC surface (Table 5.1). The 
increase in surface hydrophobicity is consistent with an extensive coverage of the Si-H 
surface by VBC. A control experiment, in which the Si-H substrate was soaked in the 
similar VBC solution for the same period of time, but in the absence of BPO, was also 
carried out. No elemental signals associated with the VBC molecules were detected on the 
Si-H surface after the substrate was rinsed briefly with acetone and subjected to surface 
analysis by XPS. Thus, benzyl chloride has been successfully immobilized on the Si-H 
surface, only in the presence of BPO, to cater for the subsequent surface-initiated ATRP 
of GMA from the Si-VBC surface. Based on the VBC monolayer thickness of about 0.3 
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nm (as determined by ellipsometry), VBC density of 1.08 g/cm3 and VBC molecular 
weight of 153 g/mole, the initiator density for the Si-VBC surface was estimated to be 
about 1.4 initiators/nm2. This initiator density is the same as that from the UV-induced 























Table 5.1 Static water contact angle, amount of immobilized GOD, and enzyme activity of 
the GOD-functionalized silicon surfaces. 







Si-g-P(GMA) a 69 0.00 0.00 
Si-g-P(GMA)-GODb 54 0.17 1.50 
Si-g-P(GMA)-GODc 53 0.23 1.79 
Si-g-P(GMA)-GODd 53 -- 1.67 
Si-g-P(GMA)-GODe 52 -- 1.60 
 
aReaction conditions: [GMA]:[CuCl]:[CuCl2]:[Bpy] = 100:1:0.2:2 in DMF/water (1/1, v/v) at room temp. 
for 5 h; P(GMA) thickness = 51 nm. 
 bObtained at the GOD immobilization time of 0.5 h. The starting surface corresponds to the Si-g-P(GMA)a 
surface. 
cObtained at the GOD immobilization time of 5 h. The starting surface corresponds to the Si-g-P(GMA)a 
surface. 
dObtained after storage in air at 4ºC for 14 days. The starting surface correspond to the Si-g-P(GMA)-GODc 
surface. 
eObtained after storage in PBS solution at 4ºC for 14 days. The starting surface correspond to the Si-g-
P(GMA)-GODc surface. 
fStatic water contact angles for the pristine (oxide-covered) Si(111) surface, the Si-H surface, and the Si-
VBC surface are about 20o, 72o, and 84o, respectively. 
gThe activity of the immobilized GOD in units was defined as μmoles of β-D(+)-glucose oxidized to D-
gluconolactone per min. 
 
5.3.2 Surface-Initiated ATRP of GMA 
P(GMA) is a potential surface linker for biomolecules and has promising applications in 
advanced biotechnologies, such as DNA separation and protein (antibodies and enzymes) 
immobilization (Eckert et al., 2000; Nishiyama et al., 2002; Arica et al., 2004; Danisman 
et al., 2004; Grano et al., 2004). The presence of grafted GMA polymer (P(GMA) on the 
Si-VBC surface was confirmed by XPS analysis and ellipsometry measurement after the 
surface had been subjected to vigorous washing and extraction. Figure 5.3(a) shows the C 
1s core-level spectrum of the silicon surface with grafted P(GMA) brushes (Si-g-P(GMA) 
surface) at an ATRP time of 5 h. The C 1s core-level spectrum can be curve-fitted into 
three peak components with BE’s at about 284.6 eV, 286.2 eV, and 288.4 eV, attributable 
to the C-H, C-O, and O=C-O species (Moulder et al., 1992), respectively, in an 
approximate ratio of 3:3:1 and consistent with the chemical structure of P(GMA).  
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Figure 5.3 C 1s and N 1s core-level spectra of the (a, b) Si-g-P(GMA) (at the ATRP time 
of 5 h), (c, d) Si-g-P(GMA)-GOD (at the GOD immobilization time of 0.5 h), and (e, f)  
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The thickness and water contact angle of the corresponding P(GMA) layer at ATRP time 
of 5 h are about 51 nm and 68o, respectively  (Table 5.1). The degree of polymerization 
(DP) of the Si-g-P(GMA) surface is estimated to be about 154, based on the surface 
initiator density of 1.4 initiators/nm2 and P(GMA) density of 1.0 g/cm3. An approximately 
linear increase in P(GMA) thickness and DP of the grafted P(GMA) chains on the Si-VBC 
surface with polymerization time is observed, as shown by lines (a) and (b), respectively, 
of Figure 5.4. The results suggest that the chain growth from the Si-VBC surface was 
consistent with a ‘controlled’ or ‘living’ process.  
 
 





















































Figure 5.4 Dependence of (a) thickness and (b) degree of polymerization (DP) of the 
grafted P(GMA) chains of the Si-g-P(GMA) surface on the surface-initiated ATRP time. 
 
 
In addition, the persistence of ‘living’ P(GMA) chain ends from surface-initiated ATRP 
on the Si-H surfaces has also been ascertained by the subsequent growth of a second 
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polymer block, using the P(GMA) brushes as the macroinitiators (Yu et al., 2004). Control 
experiments on the pristine (oxide-covered) Si(111) and Si-H surfaces revealed that no 
increase in organic layer thickness was detected when the two substrates were subjected to 
the ‘surface-initiated’ ATRP of  GMA under similar reaction conditions. The above 
results indicate that GMA has been successfully graft polymerized on the Si-VBC surfaces 
via surface-initiated ATRP. 
 
5.3.3 Immobilization of GOD on the Si-g-P(GMA) Surface 
The epoxy groups of the Si-g-P(GMA) surface can react readily and irreversibly with 
nucleophilic groups, such as –NH2, –SH, and –COOH. Thus, the Si-g-P(GMA) surface 
with a high density of epoxide groups is well-suited for the immobilization of proteins, 
enzymes and other biomolecules. Nucleophilic reactions invoving –NH2 moieties of 
biomolecules and epoxide groups have been widely reported. In the present work, the 
reaction of GOD with the Si-g-P(GMA) surface gave rise to the GOD-functionalized 
silicon surface, or the Si-g-P(GMA)-GOD surface (Figure 5.1). After the vigorous 
extraction of the reversibly bound GOD on the Si-g-P(GMA)-GOD surfaces, the C 1s and 
N 1s core-level spectra of the Si-g-P(GMA)-GOD surfaces are compared to those of the 
starting Si-g-P(GMA) surface in Figure 5.3. The C 1s and N 1s spectral line shapes of the 
Si-g-P(GMA)-GOD surfaces are significantly different from the corresponding spectral 
line shapes of  the original Si-g-P(GMA) surface. The C 1s core-level spectra of the Si-g-
P(GMA)-GOD surfaces obtained at the GOD immobilization time of 0.5 h (Figure 5.3(c)) 
and 5 h (Figure 5.3(e)) can be curve-fitted into five peak components with BE’s at about 
284.6 eV, 285.5 eV, 286.2 eV, 287.8 eV and 288.4 eV, attributable to the C-H, C-N, C-O, 
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O=CNH, and O=C-O species (Moulder et al., 1992), respectively. The C-N peak 
component is associated with the linkages in GOD itself, as well as the linkages between 
P(GMA) and GOD. The O=CNH peak component is associated with the peptide bonds in 
GOD itself. Earlier studies have suggested most of the amine moieties in the enzyme can 
become involved in the covalent attachment (Degani and Heller, 1987; Wolowacz et al., 
1992). The Si-g-P(GMA) surface becomes more hydrophilic after GOD immobilization, 
and the contact angle decreases to about 53o (Table 5.1). Increasing the GOD loading at 
the surface from 0.17 mg/cm2 to 0.23 mg/cm2 did not result in the further decrease in 
water contact angle of the surface. The phenomenon can probably be attributed to the 
complete coverage of the Si-g-P(GMA) surface by GOD at the surface loading of 0.17 
mg/cm2. Further increase in GOD surface concentration probably involves immobilization 
of the enzyme in the sub-surface region, as is also suggested by the sluggish increase in 
the surface concentration of GOD as a function of the P(GMA) layer thickness at GOD 
loading above 0.17 mg/cm2 (see Figure 5.6(a)). The above results, the appearances of a 
strong N 1s signal at the BE of about 399.2 eV (Figures 5.3(d,f)), characteristic of the 
amine species (Moulder et al., 1992), and the increase in surface [N]/[C] ratio with the 
immobilization time are consistent with the fact that GOD has been covalently 
immobilized on the Si-g-P(GMA) surface. 
 
The surface concentration of immobilized GOD can be expressed as the weight of 
immobilized GOD per area of the Si-g-P(GMA)-GOD surface, as determined using the 
protein-dye interaction method (Bonde et al., 1993; Kang et al., 1993). The amount of 
immobilized GOD (Figure 5.5) increases with the GOD immobilization time. When the 
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immobilization time reaches about 4 to 5 h, the surface concentration of immobilized 
GOD levels off. Therefore, a 5-h immobilization time was adopted in the present work. 
The overall concentrations of immobilized GOD on the Si-g-P(GMA)-GOD surfaces, 
obtained at the GOD immobilization time of 0.5 and 5 h, are about 0.17 and 0.23 mg/cm2 
(Table 5.1) , respectively. As the maximum amount of GOD immobilized on a 1 cm × 1 
cm silicon chip, from a GOD buffer solution containing 12 mg of GOD ( 3 ml × 4 mg/ml), 
was about 0.23 mg/cm2, approximately 98% of GOD remained in the immobilization 
solution. Thus, the amount of GOD immobilized was not limited by external diffusion. 
 
 





























Figure 5.5 Dependence of the amount of covalently immobilized GOD of the Si-g-





With the increase in thickness of the grafted P(GMA) layer on the Si-g-P(GMA) surface, 
the amount of covalently immobilized GOD is expected to increase. Figure 5.6(a) shows 
the increase in GOD concentration of the Si-g-P(GMA)-GOD surface, obtained at the 
GOD immobilization time of 5 h, as a function of the P(GMA) layer thickness. Thus, the 
amount of immobilized GOD increases rapidly and then levels off gradually with the 
P(GMA) layer thickness. As the thickness of the P(GMA) layer increases, steric hindrance 
from the spatially distributed P(GMA) graft chains on the silicon surface also increases 
and begins to limit the accessibility of GOD only to the epoxide groups in the top surface 
layer of the P(GMA) brushes. Nevertheless, since the Si-g-P(GMA) surface contains a 
high density of epoxide groups, a large amount of GOD (above 0.2 mg/cm2) can be 
readily immobilized, compared to the maximum amount (below 0.16 mg/cm2) of GOD 
immobilized on polymer films via amide linkage (Ikada, 1994; Liu et al., 2004; Vasileva 
and Godjevargova, 2004; 2005), adsorption (Arica et al., 1998), and reversible 
immobilization (Arica and Bayramoglu, 2004).  
 
Finally, it should be noted that some of the active chloride end groups preserved 
throughout the ATRP process maybe also involved in the nucleophilic reactions with the –
NH2 groups (see Chapter 6). But these kinds of nucleophilic substitution reactions 
generally need longer time to complete. From the control experiment where the Si-VBC 
substrate was soaked in the similar GOD solution for 5 h at room temperature, very weak 
N signals were detected by XPS after the similar vigorous extraction of the reversibly 
bound GOD. But when the reaction time was increased to 12 h, obvious N 1s signals 
could be detected although the vigorous extraction procedures were performed. In this 
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present work, a 5-h immobilization time was adopted, so the contribution from the 
nucleophilic substitution reactions could be neglected. 
 
 















































































Figure 5.6 Dependence of (a) the amount, and (b) the enzymatic activity (EA) and relative 
activity (RA) of the covalently immobilized GOD of the Si-g-P(GMA)-GOD surface on 





5.3.4 Assay of Immobilized GOD Activity  
The activity (EA) and relative activity (RA) of the covalently immobilized GOD on the 
Si-g-P(GMA)-GOD surface, obtained at an GOD immobilization time of 5 h, as a function 
of the P(GMA) thickness  are shown in Figure 5.6(b). As the P(GMA) thickness  increases, 
the observed EA increases and then gradually levels off at moderate to large thicknesses 
of the grafted P(GMA) layer. The initial increase in the observed EA must be associated 
with the increase in amount of surface immobilized enzyme. The slow increase in EA at 
moderate to large thicknesses of the grafted P(GMA) layer suggests an increase in 
diffusion limitation of the glucose substrates to the enzymatic sites. A fraction of the GOD 
molecules is probably embedded in the grafted P(GMA) layer and becomes less  
accessible to the glucose substrates. In the determination of enzyme activities and stability, 
an excess amount of glucose substrate was always employed to ensure the absence of 
diffusion limitation of the enzyme substrate. For instance, at the maximum enzyme 
activity of 1.79 units/cm2 (Table 5.1), about 88% (calculated from the mass balance before 
and after glucose consumption) of β-D(+)-glucose remained in the assay solution. 
 
The RA of the immobilized enzyme decreases gradually with the increase in P(GMA) 
thickness. The immobilized enzyme retains about 55-65% of the activity of an equivalent 
amount of the free enzyme (Figure 5.6(b)). The decrease in activity is a phenomenon 
commonly observed in covalently immobilized enzymes (Ikada, 1994) and is usually 
interpreted in terms of modification in the tertiary structure of the covalently bonded 
enzyme, or the diffusion limitation of the glucose substrates to the active enzymatic sites 
arising from the increase in steric hinderance (Caliceti et al., 1993). In fact, in the absence 
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of diffusion limitation of the glucose substrates, persistently high RA’s (> 80%) have been 
reported for the lower surface concentrations of GOD (0.036 mg/cm2 and 0.023 mg/cm2, 
respectively) immobilized on polyamide membranes via the glutaraldehyde method 
(Vasileva and Godjevargova, 2004; 2005), and on ultrafiltration membranes of the 
acrylonitrile and N-vinylimidazole copolymers (Godjevargova et al., 2000).  
 
In the present work, an enzyme activity above 1.6 units/cm2 (1 unit = 1 μmol of β-D(+)-
glucose oxidized to D-gluconolactone per min) can be readily achieved, compared to the 
commonly reported activities (below 0.7 units/cm2) of GOD immobilized on polymer 
films and membranes (Yabuki et al., 1989; Tiller et al, 2002; Cen et al., 2003; Liu et al., 
2004; Vasileva and Godjevargova, 2005).  In addition, a relatively high RA (above 55%) 
is obtained for GOD immobilized on the well-defined P(GMA) brushes, compared to the 
maximum RA (below 35%) of GOD immobilized by other methods, such as via amide 
linkages (Cen et al., 2003; Liu et al., 2004) or entrapping methods (Wang et al., 2003). 
The effect of molecular spacer on the activity of the immobilized enzymes has been 
described (Wang and Hsiue, 1993; Ikada, 1994). A spacer inserted between the substrate 
surface and the immobilized enzyme molecule helps to retain the activity of the 
immobilized enzyme. The spacers can reduce the deformation of the immobilized 
enzymes considerably. In addition, a hydrophilic micro-environment is advantageous to 
the retention of the activity of the immobilized enzymes (Cen et al., 2003). In the present 
work, the epoxide groups of the grafted P(GMA) chains reacted with the nucleophilic –
NH2 group of GOD to covalently immobilize the GOD, with the accompanied formation 
of the hydroxyl groups (Figure 5.1). The resultant GOD-functionalized P(GMA) chain 
with the hydroxyl groups acts as a spacer to provide GOD with a higher degree of 
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conformational freedom and a more hydrophilic environment. On the other hand, the 
present method also avoids the negative effects of pH of the environment on the enzyme 
activity. For example, for enzymes immobilized on acrylic acid (AAc) polymer-modified 
surfaces (Cen et al., 2003; Wang et al., 2003; Liu et al., 2004), the enzyme activity was 
adversely affected by the decrease in pH of the film surface associated with the surface-
grafted AAc polymer. pH is known to be a major factor contributing to the dissociation of 
key functional groups within the active sites of enzymes (Dumont and Fortier, 1996). 
Finally, the use of coupling agents can also affect the properties of immobilized enzymes 
(Subramanian et al., 1999; Tiller et al., 2002). Direct coupling of P(GMA) with GOD, thus 
avoiding the use of a water-soluble carbodiimide intermediate to activate the surface 
functional groups prior to the coupling reaction (Kulik et al., 1993; Cen et al., 2003; Liu et 
al., 2004), has the added advantage.  
 
5.3.5 Stability of the Immobilized GOD  
Storage stability is an important advantage of immobilized enzymes over the native (free) 
enzymes, because native enzymes can lose their activities fairly quickly (Buchholz et al., 
1987). The storage stability of the immobilized GOD on the Si-g-P(GMA) surfaces, 
obtained from an immobilization time of 5 h, was examined after the Si-g-P(GMA)-GOD 
substrates were stored, respectively, in air and in PBS solution at 4ºC for 14 days. 
According to the XPS analysis results (Figures 5.7(a-d) and Table 5.1), the relative 
intensities of nitrogen signal ([N]/[C] ratios) on the two aged surfaces remain almost 
unchanged compared to that of freshly prepared Si-g-P(GMA)-GOD surface in Figure 
5.3(f). Under both storage conditions, the immobilized GOD molecules still retained more 
than 90% of their original enzyme activity. Free GOD molecules from the commercial 
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preparation, on the other hand, retained only about 80% of their original activity over the 
same period of time in air 4ºC and in PBS solution at 4ºC. The result readily indicates that 













in Air (4oC, 14 days) 
 
Figure 5.7 C 1s and N 1s core-level spectra of the Si-g-P(GMA)-GOD surface after 
storage (a, b) in air at 4 ºC for 14 days, and (c, d) in PBS solution at 4 ºC for 14 days. The 
C 1s and N 1s spectra of the original Si-g-P(GMA)-GOD surface correspond to those 
shown in Figure 5.3 (e, f).  
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produces the highest stabilization effect on enzyme activities because the active 
conformation of the immobilized enzyme is stabilized by multi-point bond formation 
between the substrate and enzyme molecules (Arica and Hasirci, 1993; Wang et al., 1993). 
The stability of immobilized GOD during storage also depends strongly on the coupling 
method. For example, coupling via a 1,3-bifunctional aromatic reagent can result in 
deformation of the active enzyme conformation and a loss in the multi-point binding 
ability of the enzyme. As a consequence, the storage stability of the immobilized enzyme 
is reduced (Wang and Hsiue, 1993; Tiller et al., 2002). Such problem can be avoided to a 
large extent through the direct coupling of GOD with the epoxide functional groups of 


















A Si-g-P(GMA) hybrid with well-defined and covalently tethered P(GMA) brushes was 
prepared via surface-initiated ATRP of GMA on the hydrogen-terminated Si(111) surface, 
pre-immobilized with an ATRP initiator monolayer via a radical-based hydrosilylation 
process. Kinetics study revealed an approximately linear increase in thickness and degree 
of polymerization (DP) of the P(GMA) brushes with the polymerization time. The epoxide 
groups of the grafted P(GMA) chains can be used for the direct covalent immobilization 
of  GOD through the ring-opening reaction with the amine groups of GOD. The P(GMA) 
chain with the hydroxyl groups from the ring-opening coupling reaction with GOD serves 
as an effective spacer to provide the immobilized GOD with a higher degree of 
conformational freedom and a more hydrophilic environment. An equivalent enzyme 
activity (EA) of above1.6 units/cm2 and a relative activity (RA) of about 55-65% can be 
readily achieved for the immobilized GOD. The covalent immobilization process also 
helps to improve the stability of GOD. With the inherent advantage of the electronic 
properties of silicon substrates and surfaces, as well as the retention of a high level of the 
enzymatic activity, the Si-g-P(GMA)-GOD hybrid is potentially useful for the fabrication 













COLLAGEN IMMOBILIZATION ON POLY(2-HYDROXYL 
METHACYLATE)-SI(111) HYBRIDS FROM SURFACE-INITIATED ATRP 
FOR CELL ADHESION 
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6.1 Introduction  
In Chapter 5, radical-induced hydrosilylation was described for the immobilization of the 
Si-C bonded 4-vinylbenzyl chloride (VBC) on the Si(111) surface. This chapter describes 
the one-step coupling of VBC on the Si(111) surfaces via UV-induced hydrosilylation. 
Well-defined poly(2-hydroxyethyl methacrylate) (P(HEMA)) brushes covalently tethered 
on silicon surface (Si-g-P(HEMA) hybrid) were prepared, via surface-initiated ATRP, on 

















































































Figure 6.1 Schematic diagram illustrating the processes of UV-induced hydrosilylation of 
VBC on the Si-H surface to produce the Si-VBC surface, surface-initiated ATRP of 
HEMA from the Si-VBC surface at room temperature, conversion of the hydroxyl group 
of the P(HEMA) side chains into the chloride derivative, and collagen immobilization on 




As mentioned in Chapter 2, P(HEMA) is one of the most extensively studied biomaterials 
for tissue engineering and its hydrophilic surface is unfavorable to cell adhesion (see 
Section 2.3.1). Collagen, an important protein-based biomacromolecules, has been widely 
used in combination with grafted synthetic polymers to improve its own stability, as well 
as the cell adhesion properties of the substrates (see Section 2.3.2). In this chapter, the Si-
C bonded P(HEMA) brushes were covalently coupled with collagen via nucleophilic 
substitution reactions to improve the mechanical properties of collagen and to induce the 
cell adhesion properties of P(HEMA) (Figure 6.1). Thus, incorporating of P(HEMA) and 
collagen onto silicon surfaces (Si-g-P(HEMA)-Collagen hybrids) may endow the silicon 

















6.2 Experimental Section  
6.2.1 Materials  
The silicon wafers were sliced into square chips of 2 cm × 3 cm in size. Details on the 
preparation of the Si-H surface have been described earlier in Chapter 2. 2-hydroxyethyl 
methacrylate (HEMA) and thionyl chloride (SOCl2) were obtained from Aldrich Chemical 
Co. of Milwaukee, WI. HEMA was passed through a silica gel column to remove the 
inhibitor, and stored under an argon atmosphere at -10℃. Collagen (Type I, calf skin) and 
5-(4,5-dimethylthiazol-2-yl)-2,3-diphenyltetrazolium bromide (MTT) were purchased 
from Sigma Chemical Co., St. Louis, MO. Other chemicals are similar to those described 
in Chapter 3 and Chapter 4. 
 
6.2.2 Immobilization of the ATRP Initiator on the Si-H Surface 
The ATRP initiator was immobilized via UV-induced coupling of VBC with the Si-H 
surface to produce a covalently bonded (Si-C bonded) monolayer (the Si-VBC surface). 
The process for the immobilization of ATRP initiator (Figure 6.1) on the Si(111) surface 
was similar to that for the Si(100) surface described earlier in Chapter 4.  
 
6.2.3 Surface-Initiated ATRP of HEMA 
For the preparation of HEMA polymer (P(HEMA)) brushes on the Si-VBC surface, the 
surface-initiated ATRP was carried out using a [HEMA]:[CuCl]:[CuCl2]:[Bpy] feed ratio 
of 100:1:0.2:2 in 4 ml of doubly distilled water at room temperature in a Pyrex® tube 
containing the Si-VBC substrate. The reaction was allowed to proceed for a pre-
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determined period of time to produce the Si-g-P(HEMA) surface. After the reaction, the 
Si-g-P(HEMA) hybrid was washed thoroughly by extraction with ethanol and doubly 
distilled water. The hybrid was subsequently immersed in a large volume of ethanol for 
about 48 h to ensure the complete removal of the adhered and physically adsorbed 
polymer, if any. The solvent was stirred continuously and changed every 8 h. 
 
6.2.4 Immobilization of Collagen on the Si-g-P(HEMA) Surface 
In this work, two different schemes (Figure 6.1) were employed to immobilize collagen on 
P(HEMA) via nucleophilic substitution reactions. In Scheme 1, only the active or ‘living’ 
chloride end groups preserved throughout the ATRP process were used as leaving groups 
in the substitution reactions with the nucleophilic -NH2 groups of collagen. In Scheme 2, 
both the active end chloride groups preserved throughout the ATRP process and the 
chloride derivatives converted from some of the terminal hydroxyl groups of P(HEMA) 
brushes were used in nucleophilic substitution reactions to increase the concentration of 
immobilized collagen. Conversion of the terminal hydroxyl pendant groups of P(HEMA) 
into the chloride derivatives was accomplished by treatment with thionyl chloride (SOCl2) 
(Zalipsky, 1995; Wang et al., 2001). Typically, an Si-g-P(HEMA) hybrid was immersed 
in 10 ml of CCl4  solvent containing 1.0 ml of dry pyridine and 1.0 ml of SOCl2 in a 
conical flask to give rise to the Si-g-P(HEMA)-Cl surface. The reaction mixture was 
gently stirred at room temperature for 12 h. After removal from the reaction mixture, the 
Si-g-P(HEMA)-Cl substrate was washed sequentially with large amounts of acetone and 




Si-g-P(HEMA) or Si-g-P(HEMA)-Cl hybrid chips of 1 cm × 1 cm in area were used in all 
experiments with collagen. The Si-g-P(HEMA) or Si-g-P(HEMA)-Cl chips were 
immersed in the 0.1 M PBS (pH 7.4) containing collagen at a concentration of 1.0 mg ml-1. 
As had also been reported in the literature (Cheng and Teoh, 2004), dissolution of the 
collagen in neutral PBS occurred only after an extended period of time, even at this low 
concentration. The immobilization reaction was allowed to proceed at 4oC for 24 h. The -
NH2 groups of collagen were expected to react irreversibly with the chloride groups 
(Zalipsky, 1995; Wang et al., 2001) of the Si-g-P(HEMA) or Si-g-P(HEMA)-Cl chips via 
nucleophilic substitution to produce a Si-g-P(HEMA)-collagen surface (Figure 6.1). After 
immobilization, the reversibly and physically adsorbed collagen on the chips was removed 
by washing/extraction in copious amounts of PBS at 4oC for 24 h (Cheng and Teoh, 2004). 
The PBS solution was gently stirred and changed every 8 h. 
 
6.2.5 Surface Characterization 
The surface characterization processes are similar to those described in Section 3.2.4.  
 
6.2.6 Cell Culture on the Functionalized Silicon Surfaces 
The cell adhesion characteristics of the functionalized silicon surfaces were assessed by 
optical microscopy and MTT assay. Procedures for cell culture at 37oC on the pristine and 
surface-modified silicon substrates are similar to those described earlier in Section 3.2.5. 
For the study of cell adhesion on the various silicon surfaces, the surfaces after 2 days of 
incubation were washed twice with the 37oC PBS solution to remove the loosely attached 
cells. Fixation with 4% glutaraldehyde for 2 h and dehydration in a series of ethanol 
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solutions (50%-100%) were carried out. Then the cell immobilized silicon surfaces were 
imaged by an Olympus BX51M optical microscope. 
 
MTT assay was also carried out to evaluate the viability of cultured cells (Zhu et al., 2004; 
Ma et al., 2005). The test was performed in a 24-well plate, following the standard 
procedures. After 2 days of incubation, the cultivation medium from each well was 
replaced by 720 µl of the fresh medium and 80 µl of MTT solution (5 mg/ml in PBS). 
After 4 h of incubation at 37oC, MTT had been reduced in metabolically active cell culture 
to form insoluble formazan crystals. The resulting MTT formazan was dissolved in 600 µl 
of DMSO for 15 min. The optical absorbance was then measured on a microplate reader 
(Tecan GENios, Maennedorf, Switzerland) with 570 and 630 nm (Mokry et al., 2000; 















6.3 Results and Discussion 
6.3.1 Immobilization of the ATRP Initiator on the Si-H Surface 
The ATRP initiator was immobilized via UV-induced hydrosilylation of VBC on the Si-H 
surface to produce a covalently bonded monolayer (the Si-VBC surface). The presence of 
UV-induced hydrosilylation of VBC on the Si-H surface can be ascertained by comparing 
the XPS wide scan and Cl 2p core-level spectra of  the Si-H surface (Figures 6.2(a,b)) 
with those of the resultant Si-VBC surface (Figures 6.2(c,d)). In addition to the 
significantly enhanced C 1s signal intensity, a new Cl 2p spectrum at the binding energy 
(BE) of about 200 eV, characteristic of the covalently bonded chlorine (Moulder et al., 
1992), has appeared on the Si-VBC surface. The static water contact angle increased from 
about 72º for the Si-H surface to about 86o for the Si-VBC surface (Table 6.1). The 
increase in surface hydrophobicity is consistent with an extensive coverage of the Si-H 
surface by VBC.  
 
In a control experiment, the Si-H substrate was immersed in the similar VBC solution for 
the same period of time in the absence of UV irradiation. No elemental signals associated 
with the VBC molecules were detected on the Si-H surface after the substrate was rinsed 
briefly with acetone and subjected to surface analysis by XPS. Thus, benzyl chloride has 
been successfully immobilized on the Si-H surface, only in the presence of UV-induced 
hydrosilylation, to cater for the subsequent surface-initiated ATRP of HEMA from the Si-
VBC surface. Based on the VBC monolayer thickness (h) of about 0.4 nm (as determined 
by ellipsometry), VBC density (ρ) of 1.08 g/cm3 and VBC molecular weight (M) of 153 
g/mole, the initiator density (ρ.h/M) for the Si-VBC surface was estimated to be about 1.7 
 113
Chapter 6 
initiators/nm2. This initiator density is similar to that (1.4) from the UV-induced 
hydrosilylation on the Si(100) surface (see Section 4.3.2) and from the radical-based 
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Table 6.1 Static water contact angle, [N]/[C] ratios and surface composition of the 
functionalized silicon surfaces. 
Surface compositionsm Sample Water contact angle (±3o) k [N]/[C]
l
Collagen (wt%) P(HEMA) (wt%) 
Si-g-P(HEMA) a,b 46 0.00 0 100 
Si-g-P(HEMA)a,c 40 0.00 0 100 
Si-g-P(HEMA)-Collagen1d 43 0.05 24  76 
Si-g-P(HEMA)-Collagen1e 41 0.03 14  86 
Si-g-P(HEMA)-Clf 58 0.00 0 100 
Si-g-P(HEMA)-Clg 55 0.00 0 100 
Si-g-P(HEMA)-Collagen2h 45 0.10 52  46 
Si-g-P(HEMA)-Collagen2j 42 0.07 35 65 
 
aReaction conditions: [HEMA]:[CuCl]:[CuCl2]:[Bpy] = 100:1:0.2:2 in water (1/1, v/v) at room temp.  
   bATRP time = 4 h; P(HEMA) thickness = 26 nm; [Cl]/[C] = 2 × 10-3. 
  cATRP time = 8 h; P(HEMA) thickness = 41 nm; [Cl]/[C] = 1 × 10-3. 
dThe starting surface corresponds to the Si-g-P(HEMA)a,b surface. 
eThe starting surface corresponds to the Si-g-P(HEMA)a,c surface. 
f[Cl]/[C] = 0.04. The starting surface corresponds to the Si-g-P(HEMA)a,b surface. 
g[Cl]/[C] = 0.03. The starting surface corresponds to the Si-g-P(HEMA)a,c surface. 
hThe starting surface corresponds to the Si-g-P(HEMA)-Clf surface. 
jThe starting surface corresponds to the Si-g-P(HEMA)-Clg surface. 
kStatic water contact angles for the pristine (oxide-covered) Si(111), Si-H, and Si-VBC surfaces are about 
20o, 72o, and 86o, respectively. 
lDetermined from the sensitivity factor corrected N 1s and C 1s core-level spectral area ratios. For collagen, 
[N]/[C] = 0.17. 
mCarbon content in collagen = 63.6 wt% (derived from molar concentrations of C, N, O and S in collagen by 
XPS); Carbon content in P(HEMA) = 48.5 wt%; [N]/[C] = 0.17 for collagen.  
 
 
6.3.2 Surface-Initiated ATRP of HEMA 
P(HEMA) has a wide range of applications in tissue engineering because of its excellent 
biocompatibility and physical properties similar to those of living tissues. It also exhibits 
high chemical and hydrolytic stability (see Section 2.3.1). The presence of grafted 
P(HEMA) on the Si-VBC surface was confirmed by XPS analysis after the surface had 
been subjected to vigorous washing and extraction. Figures 6.3(a,c) show the C 1s core-
level spectra of the silicon surfaces with grafted P(HEMA) brushes (the Si-g-P(HEMA) 
surfaces) at ATRP time of 4 and 8 h, respectively. The corresponding thickness values of 
the P(HEMA) films are 26 and 41 nm. The C 1s core-level spectra can be curve-fitted with 
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three peak components with BE’s at about 284.6, 286.2, and 288.4 eV, attributable to the 
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Figure 6.3 C 1s, Cl 2p and N 1s core-level spectra of the (a, b) Si-g-P(HEMA) (obtained at 





With the increase in ATRP time, chain termination by bimolecular coupling or 
disproportionation reactions could lead an increase in the loss of the active chain ends (the 
terminal alkyl halides) (Jeyaprakash et al., 2002). For an increase in ATRP time from 4 to 
8 h, the [Cl]/[C] ratio (determined from the sensitivity factor corrected Cl 2p and C 1s 
core-level spectral area ratio) of the Si-g-P(HEMA) surface decreases from 2 × 10-3 to 1 × 
10-3 (Figure 6.3 and Table 6.1). The water contact angles of the corresponding P(HEMA) 
layers are about 46o and 40o. The higher concentration of the active chain ends ([Cl]/[C] 
ratio) for the Si-g-P(HEMA) surface obtained at an ATRP time of 4 h probably has given 
rise to the slightly larger water contact angle observed. Since the average cross-sectional 
area of methacrylate polymers prepared via ATRP is about 2 nm2 (Shah et al., 2000) and 
the surface initiator density is about 1.7 VBCs/nm2, the surface initiator efficiency of the 
present system is estimated to be about 30%. The corresponding average degrees of 
polymerization (DP’s) for the grafted P(HEMA) brushes obtained at ATRP time of 4 h 
and 8 h are thus estimated to be about 235 and 367, based on the above surface initiator 
efficiency and density, and P(HEMA) density of about 1.27 g/cm3 (Habsuda et al., 2002).  
 
An approximately linear increase in P(HEMA) thickness and DP of the grafted P(HEMA) 
chains on the Si-VBC surface with polymerization time is observed in the initial stage (≤ 4 
h) of ATRP, as shown by lines (a,b), respectively, of Figure 6.4. With the increase in 
ATRP time, the increase in surface film thickness starts to deviate from linearity. This 
phenomenon is probably attributable to chain termination on the surface, arising from 
bimolecular coupling or disproportion reactions that are facilitated by the high density of 
immobilized chains on the surface and consume the active chains (Jeyaprakash et al., 
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2002). The phenomenon has been commonly observed in surface-initiated ATRP′s (Huang 
et al., 2002; Jeyaprakash et al., 2002; Wang et al., 2002; Xiao and Wirth, 2002). The 
above results suggest that the chain growth from the Si-VBC surface, at least in the initial 
stage, was consistent with a ‘controlled’ or ‘living’ process. Control experiments on the 
pristine (oxide-covered) Si(111) and Si-H surfaces revealed no increase in organic layer 
thickness when the two substrates were subjected to the ‘surface-initiated ATRP’ of  
HEMA under similar reaction conditions. The above results indicate that HEMA has been 
successfully graft polymerized only on the Si-VBC surfaces via surface-initiated ATRP.  
 






















































Figure 6.4 Dependence of (a) thickness and (b) degree of polymerization (DP) of the 







6.3.3 Covalent Immobilization of Collagen on the Si-g-P(HEMA) Surface 
One of the unique characteristics of polymers synthesized by ATRP is the preservation of 
active or ‘living’ end groups (the terminal alkyl halides) during the polymerization process 
(Coessens et al., 2001; Matayjaszewski and Xia, 2001). The active chain ends on the 
hybrid surfaces offer opportunities for further surface functionalization and molecular 
design. In most cases, the active chain ends were used as macroinitiators for the 
subsequent ATRP of other monomers in the preparation of well-defined block copolymers 
(see Chapter 3). In this work, the active chloride end groups preserved throughout the 
ATRP process were used as leaving groups in the nucleophilic substitution reactions with 
the -NH2 groups of collagen. The reaction of collagen with the Si-g-P(HEMA) surface 
gave rise to the collagen-functionalized hybrid surface (the Si-g-P(HEMA)-Collagen1 
surface), as shown in Scheme 1 of Figure 6.1. 
 
After the vigorous extraction of the reversibly and physically bound collagen on the Si-g-
P(HEMA)-Collagen1 surfaces, the C 1s and N 1s core-level spectra of the Si-g-P(HEMA)-
Collagen1 surfaces in Figure 6.5 are compared to those of the starting Si-g-P(HEMA) 
surfaces in Figure 6.3. The C 1s core-level spectra of the collagen (Figure 6.5(a)) and the 
Si-g-P(HEMA)-Collagen1 surfaces (Figures 6.5(c,e)) can be curve-fitted with five peak 
components with BE’s at about 284.6, 285.5, 286.2, 287.5 and 288.4 eV, attributable to 
the C-H, C-N, C-O, O=CNH, and O=C-O species, respectively (Moulder et al., 1992). In 
Figures 6.5(c,e), the C-N peak component is associated with linkages in collagen itself, as 
well as linkages between P(HEMA) and collagen. The O=CNH peak component is 
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Figure 6.5 C 1s and N 1s core-level spectra of (a, b) collagen, (c, d) the Si-g-P(HEMA)-
Collagen1 surface from ATRP time of 4 h, and (e, f) the  Si-g-P(HEMA)-Collagen1 




In a control experiment, the Si-H substrate was immersed in the identical collagen solution 
for the same period of time. No component signals associated with the collagen molecules 
were detected on the Si-H surface after the substrate had been extracted by the same 
procedure and subjected to surface analysis by XPS. The above results and the 
appearances of a strong N 1s signal at the BE of about 399.2 eV (Figures 6.5(d,f)), 
characteristic of the amine species and similar in line shape to that of collagen (Figure 
6.5(b)), are consistent with the fact that collagen has been covalently immobilized on the 
Si-g-P(HEMA) surfaces. 
 
The surface concentration of immobilized collagen can be expressed as the [N]/[C] ratio, 
as determined from the sensitivity factors-corrected N 1s and C 1s core-level spectral area 
ratio, of the Si-g-P(HEMA)-Collagen surface. From the [N]/[C] ratios, the relative 
proportion of collagen and P(HEMA) in the surface region can be estimated (Table 6.1). 
The [N]/[C] ratios are about 0.05 and 0.03, respectively, for the Si-g-P(HEMA)-Collagen1 
surfaces prepared from initial ATRP time of 4 and 8 h. The corresponding collagen mass 
contents in the surface region are about 24 wt% and 14 wt%. The decrease in collagen 
content with ATRP time is consistent with the corresponding decrease in [Cl]/[C] ratio 
(Figures 6.3(b,d), and Table 6.1). One way to enhance the collagen mass contents is to 
increase the leaving chloride group concentration. Therefore, Scheme 2 (Figure 6.1) was 
implemented to increase the chloride group concentration through conversion of some of 





6.3.4 Preparation of the Si-g-P(HEMA)-Cl Hybrid 
 
The chloride-derivatized P(HEMA), similar to the chloride-derivatized poly (ethylene 
glycol) methyacrylate (Wang et al., 2001), can be used as an intermediate for the further 
transformation of the chloride groups into other functional groups because Cl can serve as 
a good leaving group in nucleophilic substitution (Zalipsky et al., 1995). Conversion of 
some of the terminal hydroxyl groups in the P(HEMA) side chains of the Si-g-P(HEMA) 
hybrid into the chloride groups can be achieved by treatment of the Si-g-P(HEMA) hybrid 
with SOCl2 to give rise to the Si-g-P(HEMA)-Cl surface (Scheme 2, Figure 6.1). 
Comparison of the C 1s and Cl 2p core-level spectra of the Si-g-P(HEMA)-Cl surfaces in 
Figure 6.6 to those of the corresponding Si-g-P(HEMA) surfaces in Figure 6.3 suggests 
that the [Cl]/[C] intensity ratios have been increased substantially. The [Cl]/[C] ratio has 
increased from 2 × 10-3 to 4 × 10-2 for the Si-g-P(HEMA)-Cl surface with an ATRP time 
of 4 h and from 1 × 10-3 to 3 × 10-2 for the Si-g-P(HEMA)-Cl surface with an ATRP time 
of 8 h. The Si-g-P(HEMA)-Cl surfaces become less hydrophilic and their corresponding 
water contact angles have increased to about 58 and 55o, respectively. The above results 
are consistent with the successful conversion of some of the OH groups of P(HEMA) to 
the Cl groups. Based on the surface elemental compositions obtained from XPS analysis, 
the extent of conversion is in the range of 17 to 23% (or about 20% on the average). It was 
also found that prolonging the time of halogenation reaction (up to 24 h) did not result in a 
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Figure 6.6 C 1s and Cl 2p core-level spectra of the (a, b)Si-g-P(HEMA)-Cl (from ATRP 
time of 4 h) and (c, d) Si-g-P(HEMA)-Cl (from ATRP time of 8 h) surfaces.  
 
 
6.3.5 Covalent Immobilization of Collagen on the Si-g-P(HEMA)-Cl Surface  
As indicated  in Scheme 2 of Figure 6.1, the active chloride end groups preserved 
throughout the ATRP process and the chloride groups derived from the OH groups (~ 
20%) of the P(HEMA) brushes were used in the nucleophilic substitution reactions to 
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produce the Si-g-P(HEMA)-Collagen2 surfaces. After the vigorous extraction of the 
reversibly and physically bound collagen on the Si-g-P(HEMA)-Collagen2 surfaces, the C 
1s and N 1s core-level spectra of the Si-g-P(HEMA)-Collagen2 surfaces (Figure 6.7) are 














Figure 6.7 C 1s and N 1s core-level spectra of (a, b) the Si-g-P(HEMA)-Collagen2 surface 
from ATRP time of 4 h and (c, d) the  Si-g-P(HEMA)-Collagen2 surface from ATRP time 
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The N 1s signal intensity has increased substantially for the Si-g-P(HEMA)-Collage2 
surfaces. The [N]/[C] ratio has increased from 0.05 to 0.10 for the Si-g-P(HEMA)-
Collagen2 surface with an ATRP time of 4 h and from 0.03 to 0.07 for the Si-g-P(HEMA)-
Collagen2 surface with an ATRP time of 8 h. The corresponding collagen contents of the 
surfaces have increased to about 52 wt% (from 24 wt%) and 35 wt% (from14 wt%) (Table 
6.1). The above results are consistent with the fact that collagen has been covalently 
immobilized on the Si-g-P(HEMA)-Cl surfaces via the nucleophilic substitution reaction 
involving the active chloride end groups preserved throughout the ATRP process and the 
chloride groups derivatized from some (~20%) of the OH groups of P(HEMA) brushes on 
the Si-g-P(HEMA) hybrids. 
 
6.3.6 Cell Culture on the Functionalized Silicon Surfaces 
After 2 days of incubation with the 3T3 fibroblasts, the surfaces were washed twice with 
the PBS solution at 37oC to remove the loosely attached cells. Figure 6.8 show the 
representative optical micrographs of fibroblasts cultured for 2 days at 37oC on (a) the 
pristine (oxide-covered) Si(111), (b) Si-VBC, and (c,d) Si-g-P(HEMA) surfaces from 
ATRP time of 4 and 8 h, respectively. The cells adhered and grew to some extent on the 
pristine (oxide-covered) Si(111) and Si-VBC surfaces. The P(HEMA) layer is unfavorable 
for cell attachment and growth, although it exhibits excellent biocompatibility and 
hydrolytic stability, and possesses physical properties similar to those of living tissues (see 
Section 2.3.1). The hydrophilicity and high surface mobility, similar to those of the 
poly(ethylene glycol) (PEG) chains in water, probably play a role in lowering the extent of 
cell attachment and growth (Lydon et al., 1985; Jen et al., 1996; Mokry et al., 2000; 
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Fleeming et al., 2003). The P(HEMA)-modified surfaces probably do not adversely affect 
the biochemical functionality of the cells and their growth characteristics. Rather, the 
surfaces physically hinder cell approach and attachment. 
 
Modification of P(HEMA) by immobilizing cell-adhesive proteins can enhance cell 
attachment to this hydrophilic polymer (Jen et al., 1996). Collagen, a polymer derived 
from nature, exhibits good cell adhesion, biodegradability, weak antigenecity and superior 
biocompatibility in tissue replacement and wound healing (Lee et al., 2001; Cheng and 
Teoh, 2004). Coupling of collagen with P(HEMA) will improve the mechanical strength 
of collagen and induce the cell adhesion properties of the modified P(HEMA). The cell 
adhesion characteristics of the Si-g-P(HEMA)-Collagen surfaces were also evaluated by 
culturing of a cell line, 3T3 fibroblasts, on the hybrid substrates. Figures 6.8(e to h) show 
the optical micrographs of the four Si-g-P(HEMA)-Collagen surfaces, with surface 
compositions corresponding to  those shown in Figures 6.5 and 6.7, after incubation with 
the 3T3 fibroblasts at 37oC for two days. The higher the content of the immobilized 
collagen on the Si-g-P(HEMA)-Collagen surface, the higher the density of cell attachment 
and growth on the surface. As each collagen molecule is covalently coupled to an 
individual repeat unit of P(HEMA), and since only about 20% of the repeat units of 
P(HEMA) are chlorinated for coupling with collagen, the immobilized collagen molecules 
probably remain dispersed among the grafted P(HEMA) chains in the surface region, 
rather than forming a continuous surface layer. The inter-mixed P(HEMA) chains, 
however, do not adversely affect the viability and growth characteristics of the cells (see 
below also). As a result, cell proliferation on the surface shows a positive correlation with 




(a)  Pristine Si (111) (b)  Si-VBC 
(c) Si-g-P(HEMA) 
ATRP time = 4 h 
(d) Si-g-P(HEMA) 
ATRP time = 8 h
(e) Si-g-P(HEMA)-Collagen1 
ATRP time = 4 h 
(f) Si-g-P(HEMA)-Collagen1 
ATRP time = 8 h
(h) Si-g-P(HEMA)-Collagen2 
ATRP time = 8 h
(g) Si-g-P(HEMA)-Collagen2 
ATRP time = 4 h 
 
 
Figure 6.8 Optical micrographs of 3T3 fibroblasts cultured for 2 days on the (a) pristine 
Si(111), (b) Si-VBC, (c,d) Si-g-P(HEMA), (e,f) Si-g-P(HEMA)-Collagen1, and (g,h) Si-g-
P(HEMA)-Collagen2 surfaces.  
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Cell viability was also evaluated by MTT assay. Dissolved MTT can be converted into 
insoluble formazan crystal by dehydrogenase enzymes in mitochondria (Zhu et al., 2004; 
Ma et al., 2005). Only viable cells will cause this conversion. The crystals can be 
dissolved in DMSO and their amounts measured quantitatively using a standard 
microplate absorbance reader (Mokry et al., 2000; Fleeming et al., 2003). Figure 6.9 
shows the MTT cell viability plot. The results indicate that the cells can adhere and grow 
to some extent on the pristine Si(111) and Si-VBC surfaces. The P(HEMA) surface is 
unfavorable to cell attachment and growth. The higher the content of the immobilized 
collagen, the higher the density of viable cells attached to the surface. These results are 
consistent with those observed in the optical micrographs of Figure 6.8. It is obvious that 
coupling of collagen to P(HEMA) has induced cell adhesion and proliferation on the 
hybrid surfaces. The surfaces of the Si-g-P(HEMA)-Collagen hybrids are favorable to cell 
growth and survival. It is also possible to control the extent of cell adhesion on these 
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Figure 6.9 MTT assay of viability of 3T3 fibroblasts cultured for 2 days on the pristine 
Si(111), Si-VBC, Si-g-P(HEMA), Si-g-P(HEMA)-Collagen1 and Si-g-P(HEMA)-




P(HEMA) was covalently immobilized (Si-C bonded) on the Si-H surface via surface-
initiated ATRP of HEMA to produce the Si-g-P(HEMA) hybrid. The active chloride end 
groups preserved throughout the ATRP process and the chloride groups derivatized from 
some (~20%) of the OH pendant groups of the P(HEMA) brushes were used as leaving 
groups for the nucleophilic reaction with the –NH2 groups of collagen to give rise to the 
Si-g-P(HEMA)-Collagen hybrid surfaces. The Si-g-P(HEMA) hybrids are unfavorable for 
cell attachment and growth. The feasibility of controlled cell culture, through the control 
of collagen loading of the Si-g-P(HEMA)-Collagen hybrid surfaces, was demonstrated. 
With the well-defined and biocompatible P(HEMA) brushes, and the good cell adhesion 
and biocompatibility nature of collagen, these hybrids are potentially useful for the 
fabrication of implantable bio- and molecular sensors, biochips and molecular electronics 























HEPARIN IMMOBILIZATION ON POLY(POLY(ETHYLENE 
GLYCOL) METHACRYLATE)-SI(111) HYBRIDS FROM SURFACE-












As mentioned in Chapter 2, blood-compatible surfaces have been of great interest in the 
development of biomedical devices, and heparin (an important polysaccharide-based 
biomacromolecule) is the most widely used blood anticoagulant (see Section 2.3.2). For 
covalently bonded biomacromolecules, PEG can be used as an effective surface spacer to 
provide the immobilized biomolecules with a higher degree of conformational freedom in 
a more hydrophilic environment and to enhance the bioactivity of immobilized 
biomolecules (see Section 2.3.1). In this chapter, well-defined poly(poly(ethylene 
glycol)methacrylate) (P(PEGMA))-Si(111) hybrids were prepared via surface-initiated 
ATRP of PEGMA on the Si-VBC surfaces described in Chapter 6. The resulting Si-g-
P(PEGMA) surface was further functionalized by covalent coupling of heparin to improve 
the blood compatibility of the silicon surface (Figure 7.1).  
 
The biocompatibility of the surface-modified silicon substrates were evaluated from their 
protein adsorption and platelet adhesion behavior, while the blood compatibility was 
assessed from their plasma recalcification time (PRT). In addition to enhancing surface 
biocompatibility, P(PEGMA) serves as a surface linker and spacer to provide heparin with 
a higher degree of conformational freedom in a more hydrophilic environment. Thus, the 
heparin-coupled Si-g-P(PEGMA) hybrids may endow the silicon substrates with good 
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Figure 7.1 Schematic diagram illustrating the processes of UV-induced hydrosilylation of 
VBC with the Si-H surface to produce the Si-VBC surface, surface-initiated ATRP of 
PEGMA from the Si-VBC surface, conversion of the hydroxyl group of the P(PEGMA) 















7.2 Experimental Section  
7.2.1 Materials  
Bovine serum albumin (BSA), bovine plasma fibrinogen (BPF), heparin sodium salt from 
porcine intestinal mucosa, and toluidine blue were purchased from Sigma Chemical Co., 
St. Louis, MO. Other chemicals are similar to those described in Chapter 6. 
 
7.2.2 Surface-Initiated ATRP of PEGMA 
Details on the preparation of the Si-H and Si-VBC surfaces have been described earlier in 
Chapter 6. For the preparation of PEGMA polymer (P(PEGMA)) brushes on the Si-VBC 
surface, the surface-initiated ATRP was carried out using a [PEGMA (4 ml)]:[CuCl]: 
[CuCl2]:[Bpy] feed ratio of 100:1:0.2:2 in 4 ml of doubly distilled water at room 
temperature in a Pyrex® tube containing the Si-VBC substrate. The reaction was allowed 
to proceed for 4 to 8 h to produce the Si-g-P(PEGMA) hybrid. After the reaction, the Si-g-
P(PEGMA) hybrid was washed thoroughly by extraction with copious amounts of ethanol 
and doubly distilled water. The hybrid was subsequently immersed in a large volume of 
ethanol for about 48 h to ensure the complete removal of the adhered and physically 
adsorbed polymer, if any. The solvent was stirred continuously and changed every 8 h. 
 
7.2.3 Covalent Immobilization of Heparin on the Si-g-P(PEGMA) Hybrid 
In this work, two different schemes (Figure 7.1) were employed to immobilize heparin on 
P(PEGMA). These processes are similar to those for collagen immobilization in Chapter 6. 
In Scheme 1, only the active chloride groups preserved throughout the ATRP process 
were used as leaving groups in the coupling reactions with heparin. In Scheme 2, both the 
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active chloride groups at the chain ends and the chloride derivatives converted from some 
of the terminal hydroxyl groups were used in the coupling reactions to increase the 
concentration of immobilized heparin. Details about conversion of terminal hydroxyl 
groups into chloride derivatives have been described earlier (see Section 6.2.4).  
 
The Si-g-P(PEGMA) or Si-g-P(PEGMA)-Cl substrates were immersed in 5 ml formamide 
containing heparin at a concentration of 3.0 mg/ml. The immobilization reaction was 
allowed to proceed at room temperature for 72 h (Marconi et al., 1997; Li et al., 2003; 
2004). During this period, heparin was covalently coupled to the P(PEGMA) brushes on 
silicon chips through nucleophilic reactions between the amine groups of heparin (Park et 
al., 1988; Liu et al., 1991; Zalipsky, 1995; Wang et al., 2001; Jee et al., 2004; Li et al., 
2004) and the chloride groups of the Si-g-P(PEGMA) or Si-g-P(PEGMA)-Cl hybrids to 
produce a Si-g-P(PEGMA)-Heparin surface (Figure 7.1). After immobilization, the 
hybrids were washed sequentially with large amounts of acetone and doubly distilled 
water to remove the reversibly and physically bound heparin (Li et al., 2003; 2004). All 
hybrids were rinsed thoroughly until no heparin could be detected in the washing solution 
by the toluidine blue assay method.  
 
The amount of immobilized heparin on the Si-g-P(PEGMA)-Heparin chips was 
determined by assay with toluidine blue (Bae et al., 1999; Kim et al., 2000; Li et al., 2003). 
For the preparation of the toluidine blue solution, 8.6 mg of toluidine blue was dissolved 
in 1000 ml of 0.01 M hydrochloric acid containing 0.2 wt% NaCl. 2 ml of an aqueous 
solution of heparin of known concentration was added to 3 ml of the toluidine blue 
solution and mixed thoroughly. 3 ml of n-hexane was then added and the mixture was 
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shaken vigorously so that all the heparin in the organic phase had complexed with toluene 
blue. The concentration of uncomplexed toluidine blue remaining in the aqueous phase 
was determined by measuring the absorbance at 631 nm. For the standard calibration 
curve, a linear relationship between the absorbance of the residual toluidine blue at 631 
nm and the concentration of heparin in the aqueous solution was obtained. For the 
quantitative determination of immobilized heparin, a Si-g-P(PEGMA)-Heparin hybrid was 
used instead of the heparin solution in otherwise the same procedures to those described 
above for the preparation of the standard calibration curve. The amount of immobilized 
heparin on the chip was calculated with reference to the standard calibration curve. 
  
7.2.4 Protein Adsorption 
The two most abundant proteins in plasma (Cen et al., 2004), bovine serum albumin (BSA) 
and bovine plasma fibrinogen (BPF), were dissolved separately in PBS (pH 7.4) at a 
concentration of 3 mg/ml. Surface-modified silicon chips were rinsed initially with PBS to 
re-hydrate the surface, prior to being placed in one of the protein solutions. A clean 
pristine (oxide-covered) Si(111) chip of the same size was used as the control substrate. 
The adsorption was allowed to proceed at room temperature for 30 min. The substrates 
were then removed from the solution, gently washed three times with PBS from a 5 ml 
Pasteur pipette, and rinsed once with doubly distilled water to remove the PBS salt. After 
drying under reduced pressure, the protein-adsorbed surfaces were analyzed by XPS. The 
change of the XPS N 1s core-level signal was used for the analysis of the relative amount 
of adsorbed protein on the silicon substrates (Zhang et al., 2001). Extension of the 
rehydration time of the surface-modified silicon substrate to 3 h, prior to exposure to the 
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protein solutions, did not result in any significant changes in the subsequent protein uptake 
(or the N 1s signal intensity). 
 
7.2.5 Platelet Adhesion 
Fresh blood collected from a healthy rabbit (supplied by the Animal Holding Unit, 
National University of Singapore) was mixed immediately with a 3.8 wt% solution of 
sodium citrate at a dilution ratio of 9:1 (blood : sodium citrate solution). The blood was 
centrifuged at 700 rpm and 8oC for 10 min to obtain the platelet-rich plasma (PRP) (Li et 
al., 2003; 2004). The PRP was diluted with PBS in a 1:1 (v/v) ratio. Then, 0.1 ml of the 
diluted PRP was introduced onto the pristine and surface-modified silicon chips and 
spread to cover approximately an area of 0.8 × 0.8 cm2. The chip was incubated at 37oC 
for 30 min under a static condition. After incubation, the chip was gently washed three 
times with PBS. The adhered platelets were then fixed with a 2.0 vol% aqueous solution 
of glutaraldehyde for 12 h at 4oC. The chip was then washed in succession with PBS, 
water, and ethanol, and dried under reduced pressure. 
 
7.2.6 Plasma Recalcification Time (PRT) 
Fresh blood from a healthy rabbit was diluted with a 3.8 wt% solution of sodium citrate as 
described above. It was then centrifuged at 3000 rpm and 8oC for 20 min to obtain the 
platelet-poor plasma (PPP). About 0.1 ml of the PPP was introduced onto the pristine and 
surface-modified silicon chips and incubated at 37oC under a static condition for 10 min. 
Next, 0.1 ml of a 0.025 M aqueous solution (37oC) of CaCl2 was added to the PPP. The 
plasma solution was monitored for clotting by manually dipping a stainless-steel wire 
hook coated with silicone into the plasma solution to detect fibrin threads (Kim et al., 
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2000; Li et al., 2003; 2004). The clotting time was recorded at the first sign of fibrin 
formation on the hook. At least three recalcification experiments were carried out on each 
substrate surface and the reported PRT was the mean value.     
 
7.2.7 Surface Characterization 
The adhered platelets on the silicon chips were evaluated from the scanning electron 
microscopy (SEM) images obtained on a JSM scanning electron microscope (Model 
5600LV, Jeol). The other surface characterization processes are similar to those described 















7.3 Results and Discussion 
7.3.1 Surface-Initiated ATRP of PEGMA 
The ATRP initiator was immobilized via UV-induced hydrosilylation of vinyl benzyl 
chloride (VBC) with the Si-H surface to produce a covalently bonded VBC monolayer 
(the Si-VBC surface).  Details on the preparation and characteristics of the Si-H and Si-
VBC surfaces have been described earlier in Chapter 6. In this chapter, the C 1s core-level 
spectrum (Figure 7.2(a)) of the Si-VBC surface was investigated and can be curve-fitted 
with three peak components with binding energies (BE’s) at about 283.8, 284.6 and 286.1 
eV, attributable to the C-Si, C-H, and C-Cl species, respectively (Moulder et al., 1992). 
The initiator density for the Si-VBC surface was estimated to be about 1.7 VBCs/nm2 (see 
Section 6.3.1). 
 
The presence of grafted P(PEGMA) on the Si-VBC surface was revealed by XPS analysis 
and ellipsometry after the surface had been subjected to vigorous washing and extraction. 
Figures 7.2(c,e) show the C 1s core-level spectra of the Si-g-P(PEGMA) surfaces from 
ATRP time periods of 4 and 8 h, respectively. The corresponding Cl 2p core-level spectra 
are shown in Figures 7.2(d,f). The thicknesses of the corresponding P(PEGMA) films are 
about 70 and 115 nm. The C 1s core-level spectra can be curve-fitted with three peak 
components with BE’s at about 284.6, 286.2, and 288.5 eV, attributable to the C-H, C-
O/C-Cl, and O=C-O species, respectively (Moulder et al., 1992). The presence of a 
substantially enhanced C-O component intensity is consistent with the presence of surface 
















































Figure 7.2 C 1s and Cl 2p core-level spectra of the (a, b) Si-VBC, (c, d) Si-g-P(PEGMA) 
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At the ATRP time of 8 h, the Cl concentration is barely discernible (Figure 6.2(f)). For the 
increase in ATRP time from 4 to 8 h, the [Cl]/[C] ratio (determined from the sensitivity-
factor corrected Cl 2p and C 1s core-level spectral area ratio) of the Si-g-P(PEGMA) 
surface decreases from 4.3 × 10-3 to 2.6 × 10-3 (Figure 7.2 and Table 7.1). With the 
increase in ATRP time, chain termination by bimolecular coupling or disproportionation 
reaction could lead an increase in the loss of the active chain ends (the terminal alkyl 
halides). The corresponding average degrees of polymerization (DP’s) for the P(PEGMA) 
brushes obtained from ATRP time of 4 and 8 h are estimated to be about 305 and 501, 
respectively, based on the above surface initiator efficiency (about 30%) (Section 6.3.2), 
the thickness of the P(PEGMA) films, and the P(PEGMA) density of about 1.46 g/cm3. 
The surface chain density of about 0.5chains/nm2, obtained from the ATRP process, is 
known to be much higher than that from the “grafting to” technique (Shah et al., 2000). 
 
Table 7.1 Static water contact angle, [S]/[C] ratios and amount of heparin on the heparin-
functionalized surfaces. 







Si-g-P(PEGMA) a,b 36 -- -- 
Si-g-P(PEGMA)a,c 34 -- -- 
Si-g-P(PEGMA)-Heparin1d 33 1.0 0.43 
Si-g-P(PEGMA)-Heparin1e 35 0.0 0.0 
Si-g-P(PEGMA)-Clf 71 -- -- 
Si-g-P(PEGMA)-Clg 69 -- -- 
Si-g-P(PEGMA)-Heparin2h 43 11 11.2 
Si-g-P(PEGMA)-Heparin2j 45 9.8 14.5 
 
aReaction conditions: [PEGMA]:[CuCl]:[CuCl2]:[Bpy] = 100:1:0.2:2 in water (1/1, v/v) at room temp.  
   bATRP time = 4 h; P(PEGMA) thickness = 70 nm; [Cl]/[C] = 4.3 × 10-3. 
  cATRP time = 8 h; P(PEGMA) thickness = 115 nm; [Cl]/[C] = 2.6 × 10-3. 
d The starting surface corresponds to the Si-g-P(PEGMA)b surface. 
eThe starting surface corresponds to the Si-g-P(PEGMA)c surface. 
f[Cl]/[C] = 2.4 × 10-2. The starting surface corresponds to the Si-g-P(PEGMA)b surface. 
g[Cl]/[C] = 2.1 × 10-2. The starting surface corresponds to the Si-g-P(PEGMA)c surface. 
hThe starting surface corresponds to the Si-g-P(PEGMA)-Clf surface. 
jThe starting surface corresponds to the Si-g-P(PEGMA)-Clg surface. 
kStatic water contact angles for the pristine (oxide-covered) Si(111), Si-H, and Si-VBC surfaces are about 
20o, 72o, and 86o, respectively. 
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An approximately linear increase in P(PEGMA) thickness and DP of the grafted 
P(PEGMA) chains on the Si-VBC surface with polymerization time is observed in the 
initial stage of ATRP, as shown by lines (a) and (b), respectively, in Figure 7.3. With the 
increase in ATRP time, the increase in surface film thickness starts to deviate from 
linearity. This phenomenon is probably attributable to chain termination on the surface, 
followed by bimolecular coupling or disproportion reactions that consume the active 
chains (see Section 6.3.2). Thus, the chain growth from the Si-VBC surface, at least in the 
initial stage, was consistent with a ‘living’ and well-defined process. 
 

















































Figure 7.3 Dependence of (a) thickness and (b) degree of polymerization (DP) of the 
grafted P(PEGMA) chains of the Si-g-P(PEGMA) surface on the surface-initiated ATRP 
time. 
 
In addition, the persistence of well-defined P(PEGMA) chains and ‘living’ P(PEGMA) 
chain ends from surface-initiated ATRP on the Si-VBC surface has also been ascertained 
by the subsequent growth of a second polymer block, using the P(PEGMA) brushes as the 
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macroinitiators (see Chapter 3). Control experiments on the pristine Si(111) and Si-H 
surfaces revealed no increase in organic layer thickness when the two substrates were 
subjected to the ‘surface-initiated ATRP’ of PEGMA under similar reaction conditions. 
The above results indicate that PEGMA has been successfully graft polymerized only on 
the Si-VBC surfaces via surface-initiated ATRP. 
 
7.3.2 Covalent Immobilization of Heparin on the Si-g-P(PEGMA) Surface 
The active chain ends on the hybrid surfaces offer opportunities for further surface 
functionalization and molecular design. As in the case of collagen immobilization in 
Chapter 6, the active chloride end groups preserved throughout the ATRP process were 
used as leaving groups in the nucleophilic reactions with the amine groups of heparin 
(Park et al., 1988; Liu et al., 1991; Zalipsky, 1995; Wang et al., 2001; Jee et al., 2004; Li 
et al., 2004). Reaction of heparin with the Si-g-P(PEGMA) surface produced the 
heparinized hybrid surface (Si-g-P(PEGMA)-Heparin1 surface), as shown in Scheme 1 of 
Figure 7.1. The C 1s and S 2p core-level spectra of the resulting Si-g-P(PEGMA)-
Heparin1 surfaces are shown in Figure 7.5. The surface concentration of immobilized 
heparin can be expressed, either as the amount of immobilized heparin per area, or as the 
[S]/[C] ratio (determined from the sensitivity-factor corrected S 2p and C 1s core-level 
spectral area ratio of the Si-g-P(PEGMA)-Heparin1 surface within the sampling depth of 
the XPS technique of about 7.5 nm in an organic matrix (Tan et al., 1993)). For the Si-g-
P(PEGMA)-Heparin1 surface prepared from an initial ATRP time of 4 h, the amount of 
immobilized heparin and [S]/[C] ratio are about 0.43 μg/cm2 and 1.0× 10-3, respectively. 
However, for the Si-g-P(PEGMA) surface from an ATRP time of 8 h, no immobilized 
heparin was detected. The decrease in heparin content with ATRP time is consistent with 
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the corresponding decrease in [Cl]/[C] ratio. Most of the residual Cl end groups on the Si-
g-P(PEGMA) surface from the ATRP time of 8 h were probably trapped in the sub-
surface region, as suggested by the substantial decrease in the [Cl]/[C] ratio. Thus, steric 
hindrance from the spatially distributed P(PEGMA) graft chains on the silicon surface 
probably has limited the accessibility of residual Cl groups to the heparin macromolecules.  
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Figure 7.4 C 1s and S 2p core-level spectra of the (a, b) Si-g-P(PEGEMA)-Heparin1 (from 







In a control experiment, the Si-H substrate was immersed in the identical heparin solution 
for the same period of time. No component signals associated with the heparin molecules 
were detected on the Si-H surface after the substrate had been extracted by the same 
procedure and subjected to surface analysis by XPS. As in the case of collagen 
immobilization in Chapter 6, one way to enhance the heparin content on the Si-g-
P(PEGMA) surface is to increase the concentration of leaving chloride groups. Therefore, 
Scheme 2 (Figure 7.1) was implemented to increase the concentration of the chloride 
groups through the conversion of some of the terminal hydroxyl groups of the P(PEGMA) 
brushes on the Si-g-P(PEGMA) hybrid. 
 
7.3.3 Preparation of the Si-g-P(PEGMA)-Cl Hybrids 
Conversion of some of the terminal hydroxyl groups in P(PEGMA) side chains of the Si-
g-P(PEGMA) hybrid into chloride groups can be achieved by treatment of the Si-g-
P(PEGMA) hybrid with SOCl2 (see Section 6.3.4). Comparison of the C 1s and Cl 2p 
core-level spectra of the Si-g-P(PEGMA)-Cl surfaces in Figure 7.5 to those of the 
corresponding Si-g-P(PEGMA) surfaces in Figure 7.2 suggests that the [Cl]/[C] intensity 
ratios have increased substantially. The [Cl]/[C] ratio has increased from 4.3 × 10-3 to 2.4 
× 10-2 for the Si-g-P(PEGMA)-Cl surface from an ATRP time of 4 h, and from 2.6 × 10-3 
to 2.1 × 10-2 for the Si-g-P(PEGMA)-Cl surface from an ATRP time of 8 h. The Si-g-
P(PEGMA)-Cl surfaces become less hydrophilic and their corresponding water contact 
angles have increased to about 71o (from about 36o) and 69o (from about 34o), respectively 
(Table 7.1). The above results are consistent with the successful conversion of some of the 
-OH groups of P(PEGMA) brushes to the -Cl groups. Based on the surface elemental 
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compositions obtained from XPS analysis, the extent of conversion was about 32% 
(determined by the Cl concentration before and after conversion) in both cases. Like Si-g-
P(PEGMA)-Cl surfaces (see Section 6.3.4), prolonging the time of halogenation reaction 
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Figure 7.5 C 1s and Cl 2p core-level spectra of the (a, b) Si-g-P(PEGMA)-Cl (from an 









7.3.4 Covalent Immobilization of Heparin on the Si-g-P(PEGMA)-Cl Surface 
As indicated  in Scheme 2 of Figure 7.1, the active chloride groups preserved throughout 
the ATRP process and the chloride groups derived from the -OH groups (~32%) of the 
P(PEGMA) brushes were used in the coupling reactions to give rise to the Si-g-
P(PEGMA)-Heparin2 surfaces. The C 1s and S 2p core-level spectra of the Si-g-
P(PEGMA)-Heparin2 surfaces (Figure 7.6) are compared to those of the Si-g-P(PEGMA)-
Heparin1 surfaces (Figure 7.4). The intensities of the C-N component (at the BE of about 
285.5 eV) and the S 2p signal have increased substantially for the Si-g-P(PEGMA)-
Heparin2 surfaces. The C-N peak component is associated with linkages in heparin itself, 
as well as linkages between P(PEGMA) and heparin. In comparison to the corresponding 
Si-g-P(PEGMA)-Heparin1 surfaces, the [S]/[C] ratio (or the amount of immobilized 
heparin) has increased from 1.0× 10-3 (or ~0.43 μg/cm2) to 1.1 × 10-2 (or ~11.2 μg/cm2) for 
the Si-g-P(PEGMA)-Heparin2 surface (P(PEGMA) thickness ~70 nm) from an ATRP 
time of 4 h, and from 0.0 to 9.8 × 10-3 (or ~14.5 μg/cm2) for the Si-g-P(PEGMA)-Heparin2 
surface (P(PEGMA) thickness ~115 nm) from an ATRP time of 8 h. The higher heparin 
loading in the latter hybrid is consistent with the presence of a much thicker P(PEGMA)-
Cl layer (and thus more heparin binding sites, as about 32% of all the PEG units/side 
chains contain the Cl functional group for coupling heparin), although the elemental 
compositions ([Cl]/[C] and [S]/[C] ratios) in the near-surface region (within the sampling 
depth of the XPS technique of about 7.5 nm (Tan et al., 1993)) are comparable for both 
hybrids. The Si-g-P(PEGMA)-Heparin2 surfaces become more hydrophilic, compared to 
the starting Si-g-P(PEGMA)-Cl surfaces. Their corresponding water contact angles have 
decreased to about 43o (from 71o) and 45o (from 69o), respectively (Table 7.1). The above 
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results are consistent with the presence of covalently immobilized heparin on the Si-g-
P(PEGMA)-Cl surfaces.  
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Figure 7.6 C 1s and S 2p core-level spectra of the (a, b) Si-g-P(PEGMA)-Heparin2 (from 
an ATRP time of 4 h) and (c, d) Si-g-P(PEGMA)-Heparin2 (from an ATRP time of 8 h) 
surfaces. 
 
Since the Si-g-P(PEGMA)-Cl surface contains a high concentration of chloride groups, 
arising from the active chloride end groups preserved throughout the ATRP process and 
the chloride groups derivatized from some of the -OH groups of P(PEGMA) brushes, a 
large amount of heparin (above 14.0 μg/cm2) can be readily immobilized, compared to 
about 2.0 μg/cm2 (via the carbodiimide chemistry (Kang et al., 1997; Bae et al., 1999; 
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Kim et al., 2000; Jee et al., 2004)) or 3.4 μg/cm2 (via the glutaraldehyde method (Yang 
and Lin, 2002; Lin et al., 2004)). In our previous work (Li et al., 2004), a comparable 
amount (about 12.0 μg/cm2) of immobilized heparin was obtained via similar coupling 
reactions. However, the system involved thick hydrogels of poly(vinyl alcohol) 
immobilized on a poly(ethylene terephthalate) film and exhibited a poorer 
antithrombogenic effect (see below). 
 
7.3.5 Protein Adsorption on the Hybrid Surfaces 
When a foreign surface comes into contact with blood, proteins are first adsorbed onto the 
surface, followed by platelet adhesion, activation and aggregation, giving rise to thrombus 
formation (Higuchi et al., 2003; Jee et al., 2004). Therefore, understanding protein 
adsorption and platelet adhesion is an important step in evaluating blood compatibility of 
a surface (Higuchi et al., 2003; Lin et al., 2004). In general, blood plasma is a complex 
mixture of at least 200 kinds of proteins, including albumin, fibrinogen, immunoglobulins, 
complement factors, lipoproteins and cytokines (Higuchi et al., 2003; Lin et al., 2004).  
Among these, albumin and fibrinogen are the two most abundant proteins in plasma, and 
fibrinogen is known to adsorb more strongly than most of the other blood proteins to 
many surfaces (Higuchi et al., 2003; Cen et al., 2004). Protein adsorption studies on the 
pristine (oxide-covered) Si(111), Si-VBC, Si-g-P(PEGMA), Si-g-P(PEGMA)-Heparin1 
and Si-g-P(PEGMA)-Heparin2 surfaces were carried out in solutions containing 3 mg/ml 
of bovine serum albumin (BSA), as well as in solutions containing the same concentration 
of bovine plasma fibrinogen (BPF). Similar protein concentrations have been widely used 
in the reported literature on the protein adsorption studies (Wesslen, 1994; Soltia et al., 
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1998). Although the protein concentration used differs somewhat from those found under 
in vivo conditions, it allows a wide range of adsorption characteristics on the various 
silicon surfaces to be observed and compared. Chemical compositions of the protein-
adsorbed surfaces can be analyzed by XPS (Zhang et al., 2001). The changes in the [N]/[C] 
ratio (determined from the sensitivity-factor corrected N 1s and C 1s core-level spectral 
area ratio) of each surface before and after BSA and BPF exposures were employed as a 
marker for the extent of protein adsorption on the substrate surface (Figure 7.7). A 
significantly larger amount of protein was adsorbed on the pristine Si(111) and Si-VBC 
surfaces. On the other hand, the [N]/[C] ratios for the Si-g-P(PEGMA) and Si-g-
P(PEGMA)-Heparin surfaces hardly increase upon exposure to protein solutions, 







































Figure 7.7 [N]/[C] ratio for  the (A) pristine (oxide-covered) Si(111), (B) Si-VBC, (C) Si-
g-P(PEGMA) (from an ATRP time of 4 h), (D) Si-g-P(PEGMA)-Heparin1 (from an ATRP 
time of 4 h) and (E) Si-g-P(PEGMA)-Heparin2 (from an ATRP time of 4 h) surfaces 





Unlike the graft-modified surface, the pristine silicon surface possesses oxygen-containing 
polar and functional groups that can interact directly with proteins through ionic and 
hydrogen bondings (Zhang et al., 2001). The relatively large amount of protein adsorption 
on the Si-VBC surface probably arises from the hydrophobic interaction of the protein 
molecules with the VBC layer (Zhang et al., 2001; Jee et al., 2004). For the P(PEGMA)-
modified silicon surface, the effective reduction in protein adsorption is due to the unique 
properties of the PEG units (Zhang et al., 2001; Higuchi et al., 2003; Chen et al., 2004a; 
Lan et al., 2005). The large excluded volume of the PEG units and the highly mobile or 
flexible PEG chains in water tend to repel protein molecules approaching the substrate 
surface. These properties also minimize the ionic interaction and hydrogen bonding of the 
PEG units with protein molecules (Malmstern and Alstine, 1996; Zhang et al., 2001). 
Thus, the immobilized PEG units have the unique ability to reduce the direct contact of 
proteins and charged groups with the silicon surface. The isoelectric points of BSA and 
BPF in blood are 4.8 and 5.5, respectively. Thus, these proteins carry negative charges in 
the PBS solution or normal blood stream (pH 7.4) (Cen et al., 2004; Lin et al., 2004). It 
has been shown that ionic surfaces facilitate the adsorption of proteins with opposite 
charges and reduce (but do not prevent) the adsorption of the proteins with similar charges 
(Kato et al., 1995; Cen et al., 2004). Thus, the SO3- and COO- groups of the heparin-
immobilized surface may help to reduce the adsorption of BSA and BPF. Nevertheless, 
the heparinized surfaces are also known to absorb proteins, such as ATIII (Olsson et al., 
2000; Seal and Panitch, 2003; Lin et al., 2004), which carries negative charges at 
physiological pH. Furthermore, protein selectivity of the surfaces may also be determined 
from immunoblotting experiments from plasma and radioactive techniques (Chen et al., 
2004a).   
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7.3.6 Platelet Adhesion to the Hybrid Surfaces 
Platelet adhesion to surfaces is closely related to the process of protein adsorption. For 
platelet adhesion studies, platelet rich plasma (PRP) separated from the blood of a healthy 
rabbit was incubated on the surfaces of different substrates. Figure 7.8 shows the SEM 
images from the in vitro platelet adhesion tests on the pristine Si(111), Si-VBC, Si-g-
P(PEGMA), Si-g-P(PEMA)-Heparin1, and Si-g-P(PEGMA)-Heparin2 surfaces. As shown 
in Figures 7.8(a,b), the pristine Si(111) and Si-VBC surfaces are well covered with 
platelets. The adhered platelets were highly activated with the characteristics of spreading, 
aggregation, and pseudopodia. However, the P(PEGMA) modified silicon surfaces 
(Figures 7.8(c,d)) are almost free from platelet adhesion, consistent with the excellent 
protein-repelling properties of PEG units (Zhang et al., 2001; Higuchi et al., 2003; Chen et 
al., 2004a; Lan et al., 2005). Contradicting results on platelet adhesion to various substrate 
surfaces with immobilized heparin had been reported: platelet adhesion was either 
promoted (Lindon et al., 1995; Wissink et al., 2001) or inhibited (Li et al., 2003; Lin et al., 
2004). In the present study, with the increase in the amount of immobilized heparin on the 
Si-g-P(PEMA)-Heparin1 and Si-g-P(PEGMA)-Heparin2 surfaces (Figures 7.8(e to h)), an 
increase in the number of adhered platelets was observed. Platelets may contain heparin 
binding sites which account for the binding of platelets to immobilized heparin (Wissink 
et al., 2001). Nevertheless, when compared to the pristine Si(111) surface (Figure 7.8(a)), 
the heparin immobilized silicon surfaces still exhibit a significantly lower extent of 
platelet adhesion and aggregation. As shown in Figure 7.7, the immobilized P(PEGMA) 
and heparin can reduce the adsorption of proteins, in particular the fibrinogen, a platelet 
adhesion promoting protein which can bind the glycoprotein GP IIb-IIIa of the platelet 
membrane (Park et al., 1990; Ishihara et al., 1999; Higuchi et al., 2003; Lin et al., 2004). 
Therefore, reduction in protein adsorption, especially the proteins that promote platelet 
adhesion, can help to lower platelet adhesion to the heparinized silicon surfaces. The 
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platelet adhesion studies performed in the present work are not indicative of the conditions 
that would be observed in vivo or under blood flow.  
 
(a)  Pristine Si (111) (b)  Si-VBC 
(c) Si-g-P(PEGMA) 
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(e) Si-g-P(PEGMA)-Heparin1 (f) Si-g-P(PEGMA)-Heparin1 
ATRP time = 8 hATRP time = 4 h 
(g) Si-g-P(PEGMA)-Heparin2 
ATRP time = 4 h 
(h) Si-g-P(PEGMA)-Heparin2 
ATRP time = 8 h 
 
 
Figure 7.8 SEM images of platelets adhered on  the (a) pristine Si(111), (b) Si-VBC, Si-g-
P(PEGMA) (from an ATRP time of (c) 4 h  and (d) 8 h), Si-g-P(PEMA)-Heparin1 (from 
an ATRP time of (e) 4 h and (f) 8 h), and  Si-g-P(PEGMA)-Heparin2 (from ATRP time of 
(g) 4 h  and (h) 8 h) surfaces. 
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7.3.7 Blood Compatibility of the Hybrid Surfaces 
When blood is in contact with a foreign surface, coagulation will take place, leading to 
thrombogenesis and foreign body response (Zhang et al., 2001; Wang et al., 2001; Lin et 
al., 2004). Measurement of plasma recalcification time (PRT) is a common way for in 
vitro testing of static clotting time (Kang et al., 1997; Kim et al., 2000; Wang et al., 2001). 
When Ca2+ (Factor IV) complements the anti-coagulated platelet poor plasma (PPP) test 
system, prothrombin (Factor II) is activated by the endogenetic blood-coagulation system 
and gives rise to thrombin (TB). TB, in turn, will start the insoluble fibrin formation from 
fibrinogen. The duration of the process is recorded as the plasma recalcification time (PRT) 
(Wang et al., 2001). 
 
Figure 7.9 shows the PRT’s (from the in vitro blood clotting tests) for glass (as a control 
substrate), pristine (oxide-covered) Si(111), Si-VBC, Si-g-P(PEGMA), Si-g-P(PEMA)-
Heparin1, and Si-g-P(PEGMA)-Heparin2 surfaces. The PRT for the glass surface is about 
210 s, which compares well with the reported values (Kim et al., 2000; Li et al., 2003; Cen 
et al., 2004). The PRT for the pristine Si(111) surface is about 130 s. After VBC 
immobilization, the PRT of the silicon surface increases to about 230 s, indicating that 
some blood-clotting factors are inactivated by VBC. After graft polymerization of 
PEGMA, the PRT of the silicon surface decreases to about 150 s, indicating that 
P(PEGMA) does not have any direct effect on the inhibition or activation of the blood-
clotting factors (Li et al., 2003). For the heparinized Si-g-P(PEGMA) surfaces, the PRT 
increases with the increase in amount of immobilized heparin. An PRT of >60 min 
(Azzuoli et al., 1987) can be taken as the absence of blood clotting on the present Si-g-
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P(PEGMA)-Heparin2 surfaces with >11 μg/cm2 of immobilized heparin. In fact, clotting 
commenced only after about 2.5 h for these surfaces. The above results indicate that the 
anticoagulant activity of the heparin molecules has been retained after surface 
immobilization. The immobilized heparin acts as a catalyst, which can promote the 
inhibition of TB (the coagulation enzyme) and related proteases, such as factors Xa, IXa, 
XIa, and XIIa, by antithrombin III (ATIII) (Olsson et al., 2000; Seal and Panitch, 2003; 
Lin et al., 2004). The bound ATIII then reacts with TB to form thrombin-co-antithrombin 
complex, and subsequently prevents fibrin formation and blood clot. Thus, these 
heparinized hybrid surfaces can effectively improve the antithrombogenecity of the silicon 
substrates in contact with blood. In comparison to a PRT of <20 min for the poly(vinyl 
alcohol) hydrogel system having about the same amount (~12 μg/cm2) of immobilized 
heparin (Li et al., 2004), the apparent bioactivity of the immobilized heparin in the present 
system is much higher. The effect of PEG molecular spacers on the activity of the 
immobilized heparins has been described (Kang et al., 1997; Marconi et al., 1997; Park et 
al., 1998; Li et al., 2003). The maximum relative bioactivity of the immobilized heparin 
can reach about 27% of that of free heparin (Han et al., 1989; Kang et al., 1997; Park et al., 
1998). Not only can the PEG spacers reduce the deformation of immobilized biomolecules 
considerably, they also provide a higher conformational freedom for the biomolecules in a 
more hydrophilic environment. Finally, the collective performance of heparin molecules 
immobilized on the well-defined (nearly monodispersed) and dense P(PEGMA) brushes 
(or PEG spacers) is expected to have been significantly improved over that of heparin 
molecules immobilized on the structurally less ordered graft layer (or polydispersed graft 
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Figure 7.9 PRT on the glass, pristine Si(111), Si-VBC, Si-g-P(PEGMA), Si-g-P(PEMA)-

















Well-defined P(PEGMA) was covalently immobilized on the Si-H surfaces via surface-
initiated ATRP of PEGMA to produce the Si-g-P(PEGMA) hybrids. The active chloride 
end groups preserved during the ATRP process and the chloride derivatized from some 
(~32%) of the -OH pendant groups of the P(PEGMA) brushes were used as leaving 
groups for the coupling reactions with heparin to produce the Si-g-P(PEGMA)-Heparin 
hybrid surfaces. A relatively large amount of heparin (~14 μg/cm2) can be readily 
immobilized on the well-defined and dense P(PEGMA) brushes. The P(PEGMA) chain 
serves as an effective and biocompatible spacer to provide the immobilized heparin with a 
higher degree of conformational freedom in a more hydrophilic environment. The well-
structured Si-g-P(PEGMA)-Heparin hybrids exhibited good anti-fouling properties and 
provided a practically non-clotting surface with a plasma recalcification time of ~150 min. 
With the good biocompatibility and antithrombogenecity of the well-defined P(PEGMA) 
brushes with covalently immobilized heparin, these hybrids are potentially useful for the 

















CONTROLLED MICROPATTERNING OF A SI(100) SURFACE VIA 




8.1 Controlled Micropatterning of a Si(100) Surface by a Combination of Surface-
Initiated Nitroxide-Mediated Radical Polymerization (NMRP) and ATRP 
 
8.1.1 Introduction 
As mentioned in Chapter 2, micropatterned polymer brushes are of crucial importance to 
the development of biochips and microdevices in bioengineering. The preparation of 
precisely patterned polymer brushes with control over chemical functionalities and shapes 
remains a challenge (see Section 2.2.3). In this section, different polymer brushes, as well 
as their diblock copolymer brushes, have been micropatterned on a Si(100) surface via 
alternating surface-initiated nitroxide-mediated radical polymerization (NMRP) and 
ATRP. ATRP involves a copper halide/nitrogen-based ligand catalyst system 
(Matyjaszewski and Xia, 2001), while NMRP is based on a reversible combination of 
propagating radicals with nitroxide free radicals (Hawker et al., 1996). 
 
The ATRP initiator was covalently immobilized, via UV-induced hydrosilylation of 4-
vinylbenzyl chloride (VBC) (see Chapter 4) with the hydrogen-terminated silicon (Si-H) 
microdomains to produce a micropatterned and Si-C bonded VBC monolayer. The NMRP 
initiator was then introduced in a one-step process (Bartholome et al., 2005) onto the un-
etched (oxide-covered) surface microdomains via reactions with a mixture of the silane 
coupling agent (3-(trimethoxysilyl)propyl methacrylate (TSPMA)), radical initiator (2,2’-
azobisisobutyronitrile (AIBN)) and alkoxyamine initiator (2,2,6,6-tetramethyl 
piperidinyloxy (TEMPO)). This approach to controlled micropatterning of silicon surfaces 




























Figure 8.1 Schematic diagram illustrating the processes of controlled micropatterning of a 
silicon surface by a combination of surface-initiated nitroxide-mediated radical 
polymerization (NMRP) and ATRP.  
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8.1.2 Experimental Section 
The resist-patterned Si(100) chip (Figure 8.2) of about 1.2 cm × 1.2 cm in size was 
immersed in 10 vol% HF solution in a Teflon® vial for 2 min to remove the oxide film in 
the resist-free regions and to leave behind a micropatterned Si(100) surface with 
hydrogen-terminated microdomains (Si-H/SiO2 surface). Immobilization of the ATRP 
initiator to the Si-H surface was achieved via 3-min of UV-induced hydrosilylation (see 
Section 4.2) of VBC with the Si-H surface to produce a Si-C bonded VBC monolayer (Si-
VBC/SiO2 surface). After the UV-induced hydrosilylation reaction, the micropatterned Si-
VBC/SiO2 chip was rinsed with copious amounts of acetone (a good solvent for VBC and 
the photo-resist on the silicon surface) to ensure the complete removal of adsorbed VBC 
and to expose the SiO2 regions. Details on the preparation and characterization of the Si-H 

















Coupling of the alkoxyamine initiator to the SiO2 regions of the micropatterned surface 
was achieved by adding TSPMA (0.41 mmol), AIBN (0.23 mmol), and TEMPO (0.46 
mmol) at a molar ratio of 1.8:1:2 into 3 ml of dry DMF in a Pyrex® tube containing the 
Si-VBC/SiO2 chip. After purging the mixture with argon for 30 min, the surface coupling 
reaction was conducted at 80ºC for 24 h under an argon atmosphere, followed by 
introducing 10 µl of water into the reaction mixture. The reaction was conducted for 
another 24 h to complete the NMRP and ATRP initiators-micropatterned silicon surface 
(Si-VBC/Si-TEMPO surface). After the reaction, the Si-VBC/Si-TEMPO chip was 
washed/extracted exhaustively with excess acetone and then with an ethanol/water (1:1, 
v/v) mixture.  
 
For the preparation of styrene polymer (PS) brushes on the silicon surface, the surface-
initiated NMRP of styrene was carried out using a [styrene (48 mmol)]:[AIBN (0.096 
mmol)]:[TEMPO (0.192 mmol)] molar feed ratio of 500:1:2 in a Pyrex® tube containing 
the Si-VBC/Si-TEMPO chip. The reaction was conducted at 120oC for 12 h under an 
argon atmosphere to produce the Si-VBC/Si-g-PS hybrid. After the reaction, the Si-
VBC/Si-g-PS hybrid was washed thoroughly with copious amounts of THF and with 
refluxing dichloromethane to remove the physically adsorbed PS chains on the surface 
(Husseman et al., 1999). For the preparation of  the sodium 4-styrenesulfonate (NaStS) 
polymer (P(NaStS)) brushes on the VBC-micropatterned section of the Si-VBC/Si-g-PS 
substrate, the surface-initiated ATRP was carried out using a [NaStS (8.6 mmol)]:[CuCl 
(0.086 mmol)]:[CuCl2 (0.0017 mmol)]: [Bpy (0.17 mmol)] molar feed ratio of 100:1:0.2:2 
in 5 ml of doubly distilled water in a Pyrex® tube containing the Si-VBC/Si-PS chip. The 
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reaction mixture was stirred and degassed with argon for 30 min, prior to being conducted 
at 50ºC for 12 h to produce the Si-g-P(NaStS)/Si-g-PS hybrid. After the reaction, the Si-g-
P(NaStS)/Si-g-PS hybrid was washed thoroughly with  doubly distilled water. The 
micropatterned diblock copolymer brushes on the silicon surface were prepared by using 
the Si-g-P(NaStS)/Si-g-PS chip as the macroinitators for the subsequently surface-initiated 
NMRP and ATRP of the third monomer, 2-hydroxyethyl methacrylate (HEMA). The 
surface-initiated NMRP of HEMA was carried out using a [HEMA (41 mmol)]:[AIBN 
(0.082 mmol)]:[TEMPO (0.164 mmol)] molar feed ratio of 500:1:2 in a Pyrex® tube 
containing the Si-g-P(NaStS)/Si-g-PS chip to produce the micropatterned Si-g-P(NaStS)/ 
Si-g-PS-b-P(HEMA) hybrid. The surface-initiated ATRP of HEMA was performed using 
a [HEMA (33 mmol)]:[CuCl (0.33 mmol)]:[CuCl2 (0.066 mmol)]:[Bpy (0.66 mmol)] 
molar feed ratio of 100:1:0.2:2 in 4 ml of doubly distilled water at room temperature in a 
Pyrex® tube containing the Si-g-P(NaStS)/Si-g-PS-b-P(HEMA) chip to produce the 
micropatterned Si-g-P(NaStS)-b-P(HEMA)/Si-g-PS-b-P(HEMA) hybrid. The diblock 
copolymer brushes were washed and extracted thoroughly with ethanol. The surface 










8.1.3 Results and Discussion 
The composition of modified silicon surfaces was analyzed by XPS. To avoid cross-
contamination of signals from different regions of the micropatterned surface (arising 
from the limited resolution of the conventional XPS technique), XPS analyses were 
carried out on the corresponding large area (non-patterned) silicon surfaces modified 
under similar conditions. Details on the preparation and characterization of Si-H and Si-
VBC surfaces were described earlier (see Chapter 4). The resist-patterned Si(100) chip 
was treated with HF to remove the oxide film in the resist-free region and to leave behind 
a micropatterned Si-H/SiO2 surface. The ATRP initiator was immobilized via UV-induced 
hydrosilylation of VBC with the Si-H region of the Si-H/SiO2 surface to produce a Si-
VBC/SiO2 surface. The UV-induced hydrosilylation of VBC with the Si-H region was 
ascertained by the XPS wide scan spectrum (Figure 8.3(a)) of the Si-VBC control (non-
patterned) surface from UV-induced hydrosilylation under conditions similar to those used 
for the micropatterned Si-H/SiO2 surface. A new Cl 2p core-level spectrum at the binding 
energy (BE) of about 200 eV, characteristic of the covalently bonded chlorine (Moulder et 
al., 1992), has appeared. The resist remained intact under the hydrosilylation conditions. A 
VBC monolayer thickness of about 0.3 nm was immobilized on the Si-H surface. The 
initiator density and surface initiator efficiency for the Si-VBC surface were estimated to 
be about 1.4 VBCs/nm2 and 35%, respectively (see Chapter 4). 
 
Treatment of the micropatterned Si-VBC/SiO2 chip with acetone resulted in the removal 
of the photo-resist and exposure of the SiO2 regions. Uniform silane layers can be coupled 
on SiO2 surfaces (Ingall et al., 1999; Bartholome et al., 2005). Coupling of the 
alkoxyamine initiator was achieved via a one-step process in the SiO2 region of the Si-
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VBC/SiO2 chip from reactions with a mixture of TSPMA (bearing a terminal double 








































Figure 8.3 XPS wide scan spectra of the (a) Si-VBC(ATRP), (b) Si-TEMPO(NMRP), (c) 













(a) Wide Scan  (b) Wide Scan 
 Si-VBC(ATRP)   Si-TEMPO(NMRP) 
 O 1s 
N 1s
  C 1s 
Si 2pSi 2s
 Cl 2p 
 Si 2p 
 Si 2s C 1s 
  0                           550                        1100  0                         550                        1100
  S 2s   S 2p 
 C 1s 
C 1s
  Na 1s 
 (c) Wide Scan 
 Si-g-PS(NMRP) 
 (d) Wide Scan 
 Si-g-P(NaStS)(ATRP) 
 0                          550                     1100 0 550 1100                                             
Binding Energy (eV) 
 0 550 1100                                                                0 550 1100                         
 (f) Wide Scan 
 Si-g-P(NaStS)-b-P(HMEA)(ATRP) 
 (e) Wide Scan 
 Si-g-PS-b-P(HEMA)(NMRP) 




During the first 24 h, the reaction of AIBN with the double bond of the TSPMA molecule 
created a radical intermediate that was trapped in situ by TEMPO to produce the 
alkoxyamine (Bartholome et al., 2005). Subsequent introduction of a predetermined 
amount of water into the reaction mixture is necessary for hydrolysis and for reaction of 
the silane with the –OH groups in the SiO2 regions of the patterned Si-VBC/SiO2 surface 
to complete the immobilization of TEMPO (Si-VBC/Si-TEMPO surface). From the 
parallel experiment on a control Si-VBC surface, the process of TEMPO immobilization 
did not affect the surface composition of the immobilized VBC layer to a significant 
extent. The presence of surface-coupled alkoxyamine in the SiO2 region of the Si-VBC/Si-
TEMPO surface is confirmed by the appearance of a new N 1s signal at the BE of 399 eV, 
characteristic of the neutral amine species (Moulder et al., 1992), in the XPS wide scan 
spectrum (Figure 8.3(b)) of the corresponding Si-TEMPO control surface, prepared from 
an un-patterned pristine (SiO2-covered) silicon chip under conditions similar to those used 
for the preparation of the Si-VBC/Si-TEMPO surface. Based on the surface-coupled 
alkoxyamine monolayer thickness (h) of about 1.5 nm (determined by ellipsometry), an 
alkoxyamine density (ρ) of about 1.0 g/cm3, and the alkoxyamine molecular weight (M) of 
442 g/mole, the initiator density (ρ·h/M) for the Si-TEMPO surface was estimated to be 
about 2 TEMPOs/nm2. Figure 8.4(a) shows the representative atomic force spectroscopy 
(AFM) image of the Si-VBC/Si-TEMPO surface. The average vertical distance (VD) 
(determined by sectional analysis of AFM) between the VBC and TEMPO layers, h1, is 
about 4 nm. Based on the VBC layer thickness of about 0.3 nm and the TEMPO layer 
thickness of about 1.5 nm, the SiO2 thickness under the TEMPO layer is about 2.8 nm. 
This value is in reasonable agreement with the oxide layer thickness of about 3.0 nm for 




















































Figure 8.4 AFM images of the Si-VBC/Si-TEMPO, Si-VBC/Si-g-PS, Si-g-P(NaStS)/Si-g-
PS, Si-g-P(NaStS)/Si-g-PS-b-P(HEMA), and Si-g-P(NaStS)-b-P(HEMA)/Si-g-PS-b-
P(HEMA) surfaces.  
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Styrene, NaStS, and HEMA were selected as the model monomers for the preparation of 
polymer brushes on the dual-initiator micropatterned silicon surface via surface-initiated 
NMRP and ATRP. For the surface-initiated NMRP of styrene and HEMA, the addition of a 
predetermined amount of ‘free’ alkoxyamine initiator to the reaction mixture can help to 
‘control’ the surface-initiated polymerization (Husseman et al., 1999; Zhao and He, 2003). 
The molar ratio of [Styrene or HEMA]:[AIBN]:[TEMPO] was controlled at 500:1:2. Cu(II) 
complex (CuCl2) was added to control the concentration of the deactivating Cu(II) complex 
during the surface-initiated ATRP of NaStS and HEMA. The molar ratio of [NaStS or 
HEMA]:[CuCl]:[CuCl2]:[Bpy] was controlled at 100:1:0.2:2. The presence of grafted 
styrene polymer (PS), NaStS polymer (P(NaStS)), and HEMA polymer (P(HEMA)) on the 
silicon surfaces was confirmed by XPS analysis (Figures 8.3(c to f)) of the corresponding 
Si-VBC and Si-TEMPO control (un-patterned) surfaces after the surface-initiated 
polymerizations. For the surface-initiated NMRP of styrene and block copolymerization of 
HEMA, the resulting surfaces are referred to as the Si-g-PS(NMRP) and Si-g-PS-b-
P(HEMA)(NMRP) surfaces, respectively. For the surface-initiated ATRP of NaStS and 
block copolymerization of HEMA, the resulting surfaces are referred to as the Si-g-
P(NaStS)(ATRP) and Si-g-P(NaStS)-b-P(HEMA)(ATRP) surfaces, respectively. The 
disappearance of Si signals in the wide scan spectrum (Figure 8.3(c)) of the Si-g-PS (NMRP) 
surface is consistent with the fact that the thickness of the PS brushes (about 14 nm after 12 
h of NMRP) on the silicon surface is larger than the sampling depth of the XPS technique 
(about 7.5 nm in an organic matrix (Tan et al., 1993)). The presence of the S 2p (at the BE 
of about 167.4 eV), S 2s (at the BE of about 228 eV), and Na 1s (at the BE of about 1072 eV) 
signals (Moulder et al., 1992) in the wide scan spectrum (Figure 8.3(d)) of the Si-g-
P(NaStS)(ATRP) surface suggests that P(NaStS) has been successfully grafted from the Si-
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VBC surface. The thickness of the P(NaStS) brushes (about 21 nm after 12 h of ATRP) is 
also larger than  the sampling depth of the XPS technique. The presence of a strong O 1s (at 
the BE of about 530 eV) signal (Moulder et al., 1992) in the wide scan spectrum (Figure 
8.3(e)) of the Si-g-PS-b-P(HEMA)(NMRP) surface suggests that P(HEMA) has been 
successfully grafted on the Si-g-PS (NMRP) surface. The thickness of the P(HEMA) 
brushes obtained from 12 h of NMRP was about 9 nm. The disappearance of S signals in the 
wide scan spectrum (Figure 8.3(f)) of the Si-g-P(NaStS)-b-P(HEMA)(ATRP) surface  is 
consistent with the fact that the thickness of the P(HEMA) brushes (about 17 nm after 12 h 
of ATRP) on the Si-g-P(NaStS) surface is larger than  the sampling depth of the XPS 
technique. 
 
Figures 8.4(b,c) show the respective AFM images of the Si-VBC/Si-g-PS surface, 
obtained at the NMRP time of 12 h from the micropatterned Si-VBC/Si-TEMPO surface, 
and the Si-g-P(NaStS)/Si-g-PS surface, obtained at the ATRP time of 12 h from the Si-
VBC/Si-g-PS surface. The average VD (h2) between the VBC and PS layers is about 18 
nm. Based on the VD (h1) value of about 4 nm between the VBC and TEMPO layers, the 
thickness of PS brushes on the Si-VBC/Si-g-PS surface is about 14 nm. A control 
experiment of ‘surface-initiated NMRP’ of styrene under similar conditions on an un-
patterned Si-VBC surface did not produce any significant changes in the organic layer 
thickness and the relative intensity of the Cl 2p signal. The above results indicate that the 
C-Cl bond in the ATRP initiator was relatively stable and did not act as a chain transfer 
agent during NMRP. The average VD (h3) between the P(NaStS) and PS layers on the Si-
g-P(NaStS)/Si-g-PS surface is about 3 nm. Thus, the thickness of P(NaStS) brushes is 
about 21 nm (18+3 = 21 nm). A control experiment of ‘surface-initiated ATRP’ of NaStS 
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under similar conditions on an un-patterned Si-TEMPO surface did not produce an 
increase in organic layer thickness or any significant changes in surface composition. 
Polystyrene (PS) brushes exhibit different morphologies, in the dry state, on the Si-VBC/ 
Si-g-PS surface (Figure 8.4(b)) and the Si-g-P(NaStS)/Si-g-PS surface (Figure 8.4(c)). 
The former was washed/extracted by THF after the surface-initiated NMRP of styrene 
from the Si-VBC/Si-TEMPO substrate, while water was used for the latter after the 
surface-initiated ATRP of NaStS from the Si-VBC/Si-g-PS substrate. In addition, the 
P(NaStS) and PS brushes on the Si-g-P(NaStS)/Si-g-PS surface exhibit obvious phase 
separation and distinct morphologies.  
 
One of the unique characteristics of the polymers synthesized by NMRP or ATRP is the 
preservation of active or ‘living’ end groups during the polymerization process. Thus, it is 
possible to synthesize well-defined block copolymers via a second round of surface-
initiated NMRP and ATRP (Hawker et al., 1996; Matyjaszewski and Xia, 2001). In this 
work, a third functional monomer, HEMA, was chosen for the synthesis of diblock 
copolymer brushes, using the respective PS and P(NaStS) brushes on the micropatterned 
Si-g-P(NaStS)/Si-g-PS surface as the macroinitiators for the surface-initiated NMRP and 
ATRP (Figure 8.1). Figures 8.4(d,e) show the respective AFM images of the Si-g-
P(NaStS)/Si-g-PS-b-P(HEMA) surface (obtained at 12 h of the surface-initiated NMRP of 
HEMA from the Si-g-P(NaStS)/Si-g-PS surface) and of the Si-g-P(NaStS)-b-P(HEMA)/ 
Si-g-PS-b-P(HEMA) surface (obtained at 12 h of the surface-initiated ATRP of HEMA 
from the Si-g-P(NaStS)/Si-g-PS-b-P(HEMA) surface). The average VD (h4) between the 
P(NaStS) and P(HEMA) layers and VD (h5) between the P(HEMA) and P(HEMA) layers 
are about 6 and 11 nm, respectively. The thickness of the P(HEMA) brushes obtained via 
 169
Chapter 8 
the surface-initiated NMRP and ATRP are thus about 9 nm (6+3 = 9 nm, Figure 8.4(d)) 
and 17 nm (6+11 = 17 nm, Figure 8.4(e)), respectively. For the Si-g-P(NaStS)/Si-g-PS-b-
P(HEMA) surface (washed/extracted with ethanol), the P(NaStS) and P(HEMA) brushes 
exhibit distinct morphologies. The two ‘types’ of P(HEMA) brushes on the Si-g-
P(NaStS)-b-P(HEMA)/Si-g-PS-b-P(HEMA) surface (washed/extracted with ethanol), on 





















8.1.4 Conclusions  
Micropatterned and well-defined functional polymer brushes of different types have been 
successfully grafted from a silicon surface by a combination of surface-initiated NMRP and 
ATRP. The ATRP initiators were covalently immobilized, via robust Si-C bonds, in the H-
terminated silicon microdomains, while the NMRP initiators were coupled to the oxide-
covered microdomains of the resist-patterned silicon surface. The present two surface-
initiated living radical polymerization processes were non-interfering and could be used in 
combination in the design of well-defined polymer micropatterns with reasonable 

















8.2 Resist-Free Micropatterning of Binary Polymer Brushes on a Si(100) Surface via 
Consecutive Surface-Initiated ATRP and Reversible Addition-Fragmentation Chain-
Transfer Polymerization (RAFTP) 
 
8.2.1 Introduction 
As an improvement over the earlier work on micropatterning via surface-initiated NMRP 
and ATRP from photoresist-patterned silicon surfaces, we describe in this section a simple 
approach to the direct micropatterning of spatially well-defined binary polymer brushes on 
a Si(100) surface via a combination of surface-initiated ATRP and RAFTP, with the aid of 
a photomask but in the absence of any photoresist. The two methods operate on different 
principles: ATRP uses a copper halide/nitrogen-based ligand catalyst system 
(Matayjaszewski and Xia, 2001), while RAFTP involves conventional free radical 
polymerization in the presence of a suitable chain transfer agent (CTA) (Sumerlin et al., 
2003; Zhai et al., 2004). The ATRP initiator was first micropatterned, via UV-induced 
hydrosilylation, through a photomask, of VBC with the Si-H surface. During the 
subsequent cleaning of the VBC micropatterned surface and the surface-initiated ATRP, 
the un-hydrosilylated Si-H regions were re-oxidized to become the SiO2 domains. The azo 
initiator for RAFTP was then coupled in a one-step process onto the SiO2 microdomains in 
the presence of a mixture of the silane coupling agent (3-glycidoxypropyl 
trimethoxysilane or GPTS) and the azo initiator (4,4’-azobis(4-cyanopentanoic acid) or 
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Figure 8.5 Schematic diagram illustrating the process of non-lithographic micropatterning 
of a silicon surface by a combination of surface-initiated ATRP and reversible addition-










8.2.2 Experimental Section 
Details on the preparation of the Si-H surface have been described earlier in Chapter 3. 
The ATRP initiator was immobilized via 3-min of UV-induced hydrosilylation of VBC 
with the Si-H surface (see Section 4.2) through a photomask to produce the patterned Si-
VBC microdomains on the Si-H surface (Si-VBC/Si-H surface). After the UV-induced 
hydrosilylation reaction, the micropatterned Si-VBC/Si-H chip was rinsed with copious 
amounts of acetone to ensure the complete removal of adsorbed VBC. During this 
washing process in air, the un-hydrosilylated Si-H domains were oxidized back to the 
SiO2 domains, resulting in the Si-VBC/SiO2 surface. For the preparation of sodium 4-
styrenesulfonate (NaStS) polymer (P(NaStS)) brushes on the VBC-micropatterned regions 
of the Si-VBC/SiO2 substrate, surface-initiated ATRP was carried out using a [NaStS (8.6 
mmol)]:[CuCl (0.086 mmol)]:[CuCl2 (0.0017 mmol)]:[Bpy (0.17 mmol)] molar feed ratio 
of 100:1:0.2:2 in 5 ml of doubly distilled water in a Pyrex® tube containing the Si-
VBC/SiO2 chip. The reaction mixture was stirred and degassed with argon for 30 min, 
prior to initiation at 50ºC for 12 h, to produce the P(NaStS) micropatterned surface, or the 
Si-g-P(NaStS)/SiO2 hybrid surface. After the reaction, the Si-g-P(NaStS)/SiO2 hybrid 
surface was washed thoroughly with  doubly distilled water.  
 
Coupling of the azo initiator to the SiO2 domains of the Si-g-P(NaStS)/SiO2 surface was 
achieved by adding 3-glycidoxypropyl trimethoxysilane (GPTS, 0.21 mmol), and 4,4’-
azobis(4-cyanopentanoic acid) (ACP, 0.27 mmol) (Sidoreko et al., 1999) in a molar ratio of 
1:1.3 into 5 ml of DMF in a Pyrex® tube containing the Si-g-P(NaStS)/SiO2 chip. The 
reaction was conducted at 30ºC for 36 h to produce the Si-g-P(NaStS)/SiO2-ACP surface. 
After the reaction, the Si-g-P(NaStS)/SiO2-ACP chip was washed and extracted 
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exhaustively with an excess amount of acetone and then with an ethanol/water (1:1, v/v) 
mixture. For the preparation of 2-hydroxyethyl methacrylate (HEMA) polymer (P(HEMA)) 
brushes on the ACP-micropatterned regions of the Si-g-P(NaStS)/SiO2-ACP substrate, the 
surface-initiated RAFTP was carried out using a [HEMA (18 mmol)]:[ACP (0.12 mmol)]: 
[4-cyanopentanioc acid dithiobenzoate (chain-transfer agent or CTA, 0.24 mmol)] (Zhai et 
al., 2004) molar feed ratio of 150:1:2 in 4 ml of DMF in a Pyrex® tube containing the Si-g-
P(NaStS)/SiO2-ACP chip. The reaction mixture was stirred and degassed with argon for 30 
min. The reaction tube was sealed under an argon atmosphere and kept in an 75ºC oil bath 
for 6 h to produce the Si-g-P(NaStS)/Si-g-P(HEMA) chip. After the reaction, the Si-g-
P(NaStS)/Si-g-P(HEMA) chip was washed and extracted thoroughly with ethanol. The 

















8.2.3 Results and Discussion 
Arising from limited lateral resolution of the conventional XPS technique, analyses were 
carried out on the corresponding silicon surfaces of much larger (non-patterned) areas as 
described earlier. For the Si-H surface, no oxidized silicon species in the BE region of 
101-103 eV was detected in the Si 2P core-level spectrum (Figure 8.6(a)), confirming that 
the HF-etched silicon surface was predominately hydrogen-terminated. The ATRP 
initiator was covalently immobilized via UV-induced hydrosilylation of VBC with the Si-
H surface through a photomask to produce the patterned Si-VBC microdomains (Si-
VBC/Si-H surface). During the subsequent extraction and washing of the Si-VBC/Si-H 
chip, the surface of the un-hydrosilylated Si-H domains was gradually oxidized back to 
the SiO2 surface. As a result, a micropatterned Si-VBC/SiO2 surface was obtained. The 
instability of the Si-H regions in air was ascertained by changes in the Si 2p core-level line 
shape (Figure 8.6(b)) of the control (non-patterned) Si-H surface after solvent extraction in 
air under conditions similar to those used for the micropatterned Si-VBC/Si-H chip. A 
new peak component at the BE of about 103 eV, attributable to the SiO2 species (Moulder 
et al., 1992) and similar to that of the pristine (SiO2-covered) Si(100) surface (Figure 
8.6(a’)), was observed. The process of UV-induced hydrosilylation of VBC with the Si-H 
surface is ascertained by the appearance of the Cl 2p signal at the BE of about 200 eV, 
attributable to the covalent chlorine species (Moulder et al., 1992), in the wide scan 
spectrum of the Si-VBC surface in Figure 8.6(c). The initiator layer thickness, density and 
efficiency for the Si-VBC surface were about 0.3 nm, 1.4 VBCs/nm2 and 35%, 














































Figure 8.6 XPS Si 2p core-level spectra of the hydrogen-terminated Si(100) surface (Si-H 
surface) (a) before and (b) after exposure to air. Inset (a’) shows the pristine (oxide-
covered) Si(100) surface. Wide scan spectra of the control (c) Si-VBC, (d) Si-g-
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Sodium 4-styrenesulfonate (NaStS) was selected as the model monomer for surface-
initiated ATRP from the Si-VBC microdomains of the Si-VBC/SiO2 chip to produce the 
silicon surface with micropatterned NaStS polymer (Si-g-P(NaStS)/SiO2 surface). The 
appearance of the S 2p (at the BE of about 167.4 eV), S 2s (at the BE of about 228 eV) 
and Na 1s (at the BE of about 1072 eV) signals (Moulder et al., 1992) in the XPS wide 
scan spectrum (Figure 8.6(d)) of a large Si-g-P(NaStS)(ATRP) surface from the Si-VBC 
control surface confirms that P(NaStS) brushes have been successfully grafted on the 
silicon surface under similar reaction conditions. Figures 8.7(a and b) show the respective 
AFM images of the micropatterned Si-VBC/SiO2 surface and the corresponding Si-g-
P(NaStS)/SiO2 surface (obtained from an ATRP time of 12 h). There is no obvious 
topographical difference between the Si-VBC and SiO2 regions. However, after the 
surface-initiated ATRP of NaStS from the Si-VBC microdomains, spatially well-defined 
and dense P(NaStS) brushes have been micropatterned. The difference in vertical heights 
(determined by sectional analysis of AFM) between the P(NaStS) brushes and the SiO2 
layer is about 21.3 nm.  
 
The ring opening reaction (of the epoxy group of GPTS with the carboxyl functionality of 
ACP) (Sidoreko et al., 1999) and the surface coupling reaction (of the silane with the –OH 
groups in the SiO2 regions) (Bartholome et al., 2005) resulted in the immobilization of the 
azo initiator in the SiO2 regions (Si-g-P(NaStS)/SiO2-ACP surface). The presence of 
surface-coupled azo initiator in the SiO2 regions of the Si-g-P(NaStS)/SiO2-ACP surface 
is confirmed by the appearance of a new N 1s signal at the BE of 399 eV, characteristic of 
the neutral amine species (Moulder et al., 1992), in the XPS wide scan spectrum (Figure 
8.6(e)) of the SiO2-ACP control surface, prepared from the SiO2-covered silicon chip 
 178
Chapter 8 
(Figure 8.6(b)) under conditions similar to those used for the preparation of the Si-g-
P(NaStS)/SiO2-ACP surface. 
 
                                                                                                




















                                                                                                                           
                                                                                                                                                                         














                                                 
 
 
Figure 8.7 Representative AFM images of the micropatterned (a) Si-VBC/SiO2, (b) Si-g-
P(NaStS)/SiO2, (c) Si-g-P(NaStS)/SiO2-ACP, and (d) Si-g-P(NaStS)/Si-g-P(HEMA) 
surfaces. 
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Figure 8.7(c) shows the AFM image of the Si-g-P(NaStS)/ACP surface. The average 
difference in vertical heights (hc) between the P(NaStS) and ACP layers is about 20 nm. 
Based on the P(NaStS) layer thickness of about 21.3 nm, the ACP layer thickness is about 
1.3 nm (21.3 - 20 = 1.3 nm). This thickness value is in reasonable agreement with that of 
about 1.7 nm, determined by ellipsometry, for the Si-ACP control surface. Based on the 
surface-coupled ACP monolayer thickness (h) of about 1.7 nm, an ACP density (ρ) of 
about 1.0 g/cm3, and the ACP molecular weight (M) of 471 g/mole, the initiator density 
(ρ·h/M) for the SiO2-ACP surface was estimated to be about 2.2 ACPs/nm2. 
 
2-Hydroxyethyl methacrylate (HEMA) was selected as the model monomer for surface-
initiated RAFTP from the ACP microdomains of the Si-g-P(NaStS)/SiO2-ACP surface to 
produce the micropatterned Si-g-P(NaStS)/Si-g-P(HEMA) surface. For the surface-
initiated RAFTP, the addition of a predetermined amount of the ‘free’ azo initiator (ACP) 
to the reaction mixture can help to ‘control’ the surface-initiated polymerization (Zhai et 
al., 2004). The molar ratio of [HEMA]:[ACP]:[CTA] was controlled at 150:1:2. The 
presence of grafted HEMA polymer (P(HEMA)) was confirmed by XPS analysis of the 
Si-g-P(HEMA)(RAFTP) surface, prepared from the corresponding SiO2-ACP control 
surface (Figure 8.6(e)) under similar conditions for the surface-initiated RAFTP. The 
disappearance of Si signals in the wide scan spectrum (Figure 8.6(f)) of the Si-g-
P(HEMA)(RAFTP) control surface (obtained at the RAFTP time of 6 h and 75oC) is 
consistent with the fact that the thickness of the P(HEMA) brushes (about 25 nm) is larger 
than  the sampling depth of the XPS technique (about 7.5 nm in an organic matrix (Tan et 
al., 1993)). Figure 8.7(d) shows the AFM image of the actual Si-g-P(NaStS)/Si-g-
P(HEMA) surface. The dense P(NaStS) and P(HEMA) brushes on the Si-g-P(NaStS)/Si-
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g-P(HEMA) surface exhibit spatial phase contrast and exist in distinct microdomains. The 
average differences in vertical heights (hd) between the P(NaStS) and P(HEMA) 
microdomains is about 5 nm. Thus, the thickness of the P(HEMA) brushes is about 25 nm 
(20 + 5 = 25 nm).  
 
A control experiment of ‘surface-initiated RAFTP’ of HEMA carried out under similar 
conditions on a Si-g-P(NaStS)/SiO2 control surface did not produce any significant 
changes in the organic layer thickness, surface topography, relative intensity of the Cl 2p 
species (preserved during the surface-initiated ATRP of NaStS), and chemical 
composition of the P(NaStS) brushes. The above results indicate that the C-Cl bond in the 
ATRP initiator was relatively stable and did not act as a chain transfer agent (CTA) during 
the surface-initiated RAFTP. Another control experiment of ‘surface-initiated 
polymerization’ of HEMA on a SiO2-ACP control surface (Figure 8.6(e)) under similar 
conditions, albeit in the absence of the CTA, was also carried out. It just took about 30 
min for the reaction mixture to become a viscous gel. The thickness of the P(HEMA) layer 
so-obtained after 6 h was about 5 nm, in comparison to about 25 nm for the surface-











Dense binary polymer brushes could be micropatterned directly, with good spatial 
resolution, on a Si(100) surface in a non-lithographic (resist-free) process via a 
combination of surface-initiated living radical polymerizations. In the example illustrated, 
microdomains of the ATRP initiator were first patterned onto the Si-H surface via UV-
induced hydrosilylation through a photomask. The azo initiator for RAFTP was coupled, 
via a silane coupling agent, to the SiO2 microdomains formed from oxidation of the un-
hydrosilylated Si-H microdomains. Thus, with the aid of a photomask, consecutive 
surface-initiated living radical polymerizations could be used in the design of silicon 
microarrays with dual surface functionalities of reasonable spatial resolution, without 

















CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
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The present research work has attempted to develop simple methods for immobilizing the 
Si-C bonded ATRP initiators on Si(100)-H and Si(111)-H surfaces and to prepare a series 
of functional polymer-silicon hybrids via surface-initiated ATRP. These well-defined 
polymer-silicon hybrids were explored as biomaterials to control cell adhesion and to 
couple different biomacromolecules. In addition, surface-initiated ATRP was combined 
with NMRP and RAFTP to prepare micropatterned polymer-silicon hybrids. Initially, 
various methods for immobilizing Si-C bonded ATRP initiators were investigated. A two-
step method was proposed for the attachment of ATRP initiators onto the Si(100)-H 
surface via UV-induced coupling of VAn with the Si(100)-H surface and the reaction of 
the amine group of the Si-C bonded VAn with 2-bromoisobutyrate bromide. As an 
improvement over the two-step method, a simple one-step process for coupling the Si-C 
bonded ATRP initiator, VBC, via UV-induced or radical-initiated hydrosilylation on the 
Si(100)-H and Si(111) surfaces was developed.  
 
A series of functional polymer-silicon hybrids with desired chemical and physical 
properties were prepared via surface-initiated ATRP from the Si-C bonded ATRP 
initiators. The surface-active P(PEGMA)-Si(100) and thermoresponsive P(NIPAAm)-
Si(100) hybrids were prepared based on the two-step initiator-immobilization method. The 
P(PEGMA)-Si(100) hybrid was very effective in preventing cell attachment and growth, 
and cell adhesion on the P(NIPAAm)-Si(100) hybrid was controllable by temperature. 
From the Si surfaces with covalently bonded VBC (Si-VBC surfaces), P(NIPAAm)-
grafted P(GMA)-Si(100), P(GMA)-Si(111), P(HEMA)-Si(111), and P(PEGMA)-Si(111) 
hybrids were prepared. For the P(NIPAAm)-grafted P(GMA)-Si(100) hybrids, the grafted 
P(NIPAAm) chains acted as the thermoresponsive side chains for the control of cell 
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adhesion and detachment. Cell detachment was accelerated by the local hydrophilic 
microenvironment that the P(GMA) main chains with hydroxyl groups provide. The 
P(GMA)-Si(111) hybrids could be used to immobilize GOD. An equivalent enzyme 
activity (EA) above 1.6 units/cm2 and a relative activity (RA) of about 55-65% were 
achieved for the immobilized GOD. The P(HEMA)-Si(111) hybrids could be used for 
coupling collagen. The collagen-coupled P(HEMA)-Si(111) hybrid surfaces exhibited 
good cell adhesion and growth characteristics, and the extent of cell immobilization could 
be controlled by adjusting the amount of immobilized collagen. For the P(PEGMA)-
Si(111) hybrids, they were used to couple heparin for the preparation of blood compatible 
surfaces. The resulting heparinized P(PEGMA)-Si(111) hybrid surfaces effectively 
suppressed protein adsorption and platelet adhesion, and exhibited significantly improved 
antithrombogenecity with a plasma recalcification time (PRT) of about 150 min.  
 
Lastly, well-defined polymer brushes have been successfully micropatterned on Si(100) 
surfaces by combined surface-initiated ATRP and NMRP, as well as combined ATRP and 
RAFTP. The combination of surface-initiated NMRP and ATRP was based on the 
photoresist-patterned silicon surfaces. The ATRP initiator was covalently immobilized onto 
the Si-H microdomains, while the NMRP initiator was coupled to the SiO2 microdomains. 
A simple approach to the direct micropatterning of binary polymer brushes on a Si(100) 
surface was also developed via a combination of surface-initiated ATRP and RAFTP, with 
the aid of a photomask but in the absence of any photoresist. The microdomains of the 
ATRP initiator were first patterned onto the Si-H surface via UV-induced hydrosilylation 
through a photomask. The azo initiator for RAFTP was coupled to the SiO2 microdomains 




This work has provided a simple alternative to render silicon surfaces with desired 
physicochemical properties and functionality. However, this present work focused on the 
most commonly used silicon surface orientations, viz., Si(100) and Si(111) surfaces. It 
maybe necessary to further investigate the functionalization of silicon surfaces of other 
orientations. In addition, the biomedical applications, such as ‘selective’ immobilization 
of cell and biomacromolecules, on the patterned polymer-silicon hybrids should also be 
explored. Another interesting area for future work is to prepare functional polymer-silicon 
hybrids with improved antibacterial ability for inhibiting biofilm formation. Silicon was 
quite often used in detection-related devices including bioelectronics. Microorganisms can 
also attach readily to silicon surfaces, on which they can grow in aggregates. It is thus of 
great importance to improve the antimicrobial ability of the detection-related devices and 
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